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Coherent detection measures both the amplitude and phase of pulsed terahertz (THz) waves simultaneously,
forming the foundation for THz time-domain spectroscopy (THz-TDS). This technique has become increasingly
prominent in the fields of physics and materials science, allowing researchers to investigate the dynamic proper-
ties of various dielectric materials within the 0.1 to 10 THz frequency range, which is previously a challenging
spectrum to access. This paper reviews recent advancements and the challenges faced by commonly used co-
herent detectors in THz-TDS. Our discussion emphasizes the potential for new discoveries in THz photonics and
highlights the crucial role of coherent detection in the study of laser-matter interactions.

1. Introduction

The terahertz (THz) frequency ranges from 0.1 to 10 THz and is lo-
cated between millimeter and infrared waves (see Fig. 1), which is one of
the most elusive regions of the electromagnetic spectrum [1-5]. Due to
its longer wavelength compared to optical or infrared radiation, many
dielectric materials that appear opaque at shorter wavelengths due to
scattering effects are transparent in the THz range. This transparency al-
lows for the non-destructive examination of their internal macroscopic
structures [6,7]. Additionally, some molecules exhibit absorption at spe-
cific resonance frequencies due to vibrational and rotational activities,
enabling a detailed understanding of their microscopic dynamics and
identification through their unique THz signatures [8,9]. These charac-
teristics make THz technology highly attractive for a variety of practical
applications as well as fundamental studies in physics, chemistry, and
biology.

Significant progress of applying THz waves to realize non-invasive
technology has been made in the biomedical field, because of the low
energy of THz photons (4 meV at 1 THz) and the alignment of cover-
ing most biomolecular vibrational and rotational frequencies [10-12].
Chang’s group firstly observed that the myelin sheath can serve as an
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infrared to THz waveguide, promoting the label-free detection of bio-
logical tissues due to the ability of deep penetration through the myelin
[13]. THz stimulus can serve as an efficient, nonthermal, and long-range
method to accelerate the unwinding process of DNA duplexes, which is
the basis of gene duplication and editing [14]. Moreover, they further
clarified that the resonant THz field could manipulate the conduction
of calcium channels, which has potential applications in therapeutic in-
tervention [15]. It is prospective that THz waves activate brain neurons
and induce firing activities in vivo without introducing any exogeneous
gene [16]. These advancements have propelled THz research to new
heights and expanded its application prospects significantly.

Over the past two decades, there has been a revolution in THz time-
domain spectroscopy (THz-TDS) systems, driven by the development of
high power sources. These demonstrated the potential of THz technol-
ogy for fundamental research and commercial application. In contrast
to conventional optical spectroscopy methods that measure light inten-
sity at specific frequencies, THz-TDS measures the electric field of THz
pulses over time. By applying Fourier transform of the recorded time-
domain signal, researchers can obtain both the amplitude and phase
of the THz pulse, enabling precise measurements of the absorption co-
efficient and refractive index of materials interacting with THz waves
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Fig. 1. Electromagnetic spectrum. The THz frequency band bridges the gap between millimeter wave and infrared wave, and it corresponds to molecular phenomena
such as rotation, bending and stretching, vibration, and interaction influenced by Van der Waals force.

[17]. Existing THz sources such as photoconductive antenna (PCA), op-
tical rectification, and air plasma could generate intense (260 MV/cm)
[18] and broadband (100 THz) [19] THz pulses. High-order and high-
sensitivity detectors are essential for improving detection accuracy and
sensitivity. Consequently, the development of superior detection tech-
nologies and enhancement of detection performance are crucial issues
to address.

This review focuses on the coherent detection of pulsed THz
waves using solid, gaseous, and liquid materials, as shown in Fig. 2.
Section 2 introduces solid-based approaches, including PCA and electro-
optic sampling (EOS), which contribute to high detection sensitivity.
The following section discusses coherent detection based on air plasma,
extending to omnidirectional detection through THz radiation-enhanced
emission of fluorescence and acoustics. Finally, recent advancements in
THz wave detection using free-flowing liquids, such as water and related
materials, are described. We examine the state-of-the-art development
and application of detection techniques based on the requirements of
THz science and technology.

2. Highly sensitive detection using solid materials

Semiconductors with high carrier mobilities and crystals with high
electro-optic (EO) coefficients are exemplary solid materials for detect-
ing THz waves. The coherent detection of THz pulses was first achieved
by PCA in 1988 [20], enabling the recording of THz time-domain wave-
forms. In 1995, EOS was proposed to offer a more feasible and stable
detection method [21]. THz signals detected by solid materials typically
exhibit high sensitivities and signal-to-noise ratios (SNRs), making them
the most common detectors for THz waves.

2.1. Photoconductive antenna

A PCA typically consists of a semiconductor substrate and two elec-
trodes separated by a gap. Detection of THz waves using a PCA is essen-
tially the reverse process of THz emission from a PCA. When femtosec-
ond laser pulses irradiate the gap, they excite charge carriers into the
conduction band. The THz electric field then accelerates these charge
carriers, generating a transient photocurrent [22]. This induced current
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I(t) is proportional to the input THz electric field E;p,(¢):

I(t) = } oyt =t Ery (f')dr 6]
—00

where o, denotes the transient surface conductivity. By adjusting the rel-

ative time delay between the THz and optical pulses, the time-domain

waveform of THz pulses can be acquired by measuring the current vari-

ation over time. The signal is measured using a lock-in amplifier after

passing through an optical chopper.

To increase the detection bandwidth, it is preferable to use sub-
strate materials with shorter carrier lifetimes, such as low-temperature
or doped gallium arsenide (GaAs), along with optical laser pulses of
shorter durations. For instance, a PCA with doped GaAs and 15 fs opti-
cal laser pulses can detect THz frequencies up to 30 THz [23-25]. The
bandwidth can be extended to 100 THz using PCA with low-temperature
GaAs and a 10 fs optical laser. The geometry of the electrodes also
impacts the bandwidth [19]. There are four main geometric shapes:
strip lines [26], bow ties [27], butterflies [28], and logarithmic an-
tennas [29]. Butterfly-shaped PCAs are commonly used for detecting
low-frequency THz pulses, while strip lines are more sensitive to high
frequencies. Additionally, a narrower gap allows for the detection of
higher frequencies, and longer electrodes can increase the amplitude of
the detected signal.

Recent advancements have further improved PCA detector perfor-
mance through surface plasmon and nanotechnology related methods.
Techniques such as manipulating large-area plasma gratings, THz con-
centrators, optical nanoantenna arrays, and plasma nanocavities have
been adopted [30-33]. For example, using a plasma nanocavity, all pho-
tocarriers are generated within 100 nm of the photoconductive contact
electrode, resulting in minimal transmission time for almost all photo-
generated carriers. This approach has yielded detectors with a SNR of
100 dB and a noise-equivalent bandwidth of 0.1-6 THz [34].

Due to the high sensitivity and stability of PCA detectors, many
companies now offer PCAs with exceptional performance. For instance,
the Interdigital array antenna (iPCA-21-05-10-800-x) from the Ger-
man company Batop can achieve a detection bandwidth of 0.1-4.5 THz
under 800 nm laser excitation. Similarly, the Bow tie antenna (bPCA-
3000-05-10-1550-x) can achieve the same detection bandwidth under
1550 nm laser excitation. Menlo Systems’ fiber-coupled antenna module
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Fig. 2. Coherent detection schemes of THz waves based on solids, gases and liquids. PCA, Photoconductive antenna; EOS, Electro-optic sampling; ABCD,
Air-biased coherent detection; TEA, THz-enhanced acoustics; REEF, Radiation-enhanced fluorescence emission; LBCD, Liquid-based coherent detection.

(TERA15-RX-FQ) is suitable for 1560 nm laser excitation, offering a de-
tection bandwidth greater than 6 THz. These PCAs are compact enough
to be utilized in THz-TDS.

2.2. Electro-optic sampling

A second-order nonlinear crystal can also be used to detect THz
waves through EOS [35,36]. In this process, the THz field induces bire-
fringence in the crystal via the Pockels effect, which is the linear de-
pendence of the refractive index on the electric field of the incident
radiation. A linearly polarized femtosecond laser passes through an EO
crystal and then through a quarter-wave plate, changing the polariza-
tion to circular. A Wollaston prism separates the orthogonal polarization
components of the laser, which are then detected separately by two pho-
todiodes. The output signal is the difference between them. Without a
THz pulse, the optical laser remains circularly polarized, resulting in no
difference in the photodiode signals (I = 0). However, when an optical
probe pulse co-propagates with a THz pulse through the crystal, the THz-
field-induced birefringence alters the ellipticity of the probe pulse. The
difference (I) in the photodiode signals directly provides the amplitude
of the THz electric field using the following formula:

I=1I,~1I,=IAp x Ery.. o)
I, = I,(1 —sinAg)/2 ~ Iy(1 — Ad)/2, 3
I, = Io(1 +sin Ad)/2 = Iy(1 + Ag)/2. @

518

where [, is the total intensity of the detection beam, and A¢ is the phase
delay between the two polarization components. By scanning the time
delay between the femtosecond laser and the THz pulse, the entire THz
waveform can be recorded.

Phase matching between the optical laser and the THz wave in the EO
crystal is crucial for effective EOS. For example, ZnTe crystals are com-
monly used for THz wave detection with optical lasers at a wavelength of
800 nm. In the noncollinear extension of the ellipsometric technique, the
optical laser propagates through the EO crystal at a Cherenkov angle to
the THz beam [37,38]. This configuration allows for synchronous prop-
agation of THz waves and optical lasers of any wavelength in crystals,
eliminating phase mismatch. The non-ellipsometric scheme operates
by spatially separating the sum-frequency generation and difference-
frequency generation (DFG) contributions of opposite polarities to the
optical intensity modulation.

Birefringent crystals that meet the phase-matching conditions for
DFG, such as isotropic crystals (e.g., ZnTe, GaAs, GaP), are suitable
for low-frequency THz wave detection. Conversely, certain anisotropic
crystals (e.g., GaSe, AgGaS,, LiGaS,) can coherently detect high-
frequency THz waves through second-order nonlinear processes [39-
42]. Additionally, organic crystals such as 4-N, N-dimethylamino-4’-N’-
methylhexenestramonium 2,4,6-trimethylbenzenesulfonate (DSTMS)
and diphenylfluoroketone (DPFO) are suitable for EOS with a bandwidth
covering the entire THz frequency range [43,44]. Furthermore, detec-
tion efficiency can be improved by cooling the crystal [45-48]. Cooling
ZnTe crystals from 300 K to 1.5 K enhances detection sensitivity by more
than an order of magnitude [49]. Theoretical calculations attribute this
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Table 1
Parameters of common EO crystals.
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Crystal EO coefficient (pm/V) N aser Nry s ary, (em™) Bandwidth (THz)
/ A (nm) / f (THz) / f (THz) / Thickness (mm)

ZnTe [35] 4/800 2.85 3.17/1.6 1.3/1.6 0.2-4/1

GaP [36] 1/800 3.67 3.34/2 0.2/2 0.1-7/0.15

LiNbOj; [50,51] 28/800 2.25 4.98/1 18.2/1 0.1-2.5/2

DSTMS [52,53] 49/1500 2.19 2.2/5 20/5 0.1-20/0.73

DAST [52,53] 47/1500 2.26 2.3/5 30/5 0.1-20/0.54

significant enhancement to the reduction in THz wave absorption and
phase-matching variations as the temperature decreases.

Table 1 lists common EO crystals and their corresponding parame-
ters. ZnTe is the most widely used detection crystal due to its excellent
phase-matching conditions, although it has a relatively narrow band-
width [35]. GaP crystals offer a broader response, requiring a very thin
layer to avoid phase mismatch between the optical laser and the THz
wave [36]. LiNbO3 has a high damage threshold and is highly transpar-
ent to 800 nm lasers [50,51], but it suffers from a substantial mismatch
between the group velocity of the optical laser and the phase veloc-
ity of the THz wave, necessitating the use of noncollinear ellipsometric
techniques. Organic crystals exhibit the broadest bandwidths but have
a low damage threshold and are only suitable for use with 1500 nm
wavelength lasers [52,53]. The detection sensitivity and bandwidth are
influenced by several factors, including the thickness and quality of the
crystal, as well as the wavelength and pulse duration of the optical laser.

While PCA and EOS are common methods for detecting THz waves
using solid materials, their bandwidths are limited by the carrier life-
time in semiconducting photoconductors and phonon absorption in EO
crystals. Additionally, the low damage threshold of semiconductor ma-
terials can lead to nonlinear effects in the semiconductor substrates un-
der strong THz fields, complicating the acquisition of accurate detection
signals. Recent studies have shown that focusing a strong THz wave
(260 MV/cm) on a semiconductor can cause tunneling ionization [18].
Consequently, high-damage-threshold materials, such as those based on
graphene and perovskites, are being explored for the development of
THz antennas [54,55]. EOS is not suitable for detecting intense THz
fields if the polarization rotation angle exceeds /2, as this causes sig-
nal reversal (over-rotation) [56]. To prevent this, the THz pulse en-
ergy must be reduced using additional THz polarizers or multiple sil-
icon plates, which can lead to inaccurate measurements [57]. The low
damage threshold of solid materials makes them prone to ionization
breakdown by optical lasers. This issue remains unresolved, prompting
the development of THz wave detection technologies based on gas and
liquid media.

3. Ultra-broadband and remote sensing based on gaseous medium

Gases are excellent candidates for THz sensors due to their unique
properties: the absence of phonons and dispersion, no damage thresh-
old, and continuous regenerative capabilities. These qualities enable the
detection of THz pulses with ultrabroad bandwidths covering the en-
tire THz spectrum. Through the third-order nonlinearity present in all
gases, three photons—two from the laser beam and one from the THz
pulse—can interact to produce a photon near the second harmonic of the
laser frequency. The THz field can be detected through measuring the
induced second harmonic. Care must be taken to ensure measurements
provide both the amplitude and phase of the second harmonic pulse.
Additionally, two indirect detection methods including THz radiation-
enhanced fluorescence emission (THz-REEF) and THz-enhanced acous-
tics (TEA) have been employed to detect THz waves by measuring the
fluorescence and acoustic emission from laser-induced air plasma. These
techniques enable the coherent detection of THz waves by “seeing” the
fluorescence or “hearing” the acoustics of the plasma. They offer omnidi-
rectional optical signal collection and are not limited by the absorption
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of THz waves by water vapor in ambient air, thereby enabling long-
distance THz wave sensing.

3.1. Coherent detection through the third order nonlinearity of gases

Similar to the generation of THz waves in a centrosymmetric
medium, which requires an odd number of input photons, the detection
of THz waves in gas media also adheres to these symmetry requirements
[58]. THz-wave detection in gases is accomplished through a four-wave
mixing process, where two input photons are at the fundamental laser
frequency and one is a THz photon. The emitted second harmonic field is
proportional to the product of the three input fields, as expressed below
[59]:

E;fnal & O E,E,Ery. Q)

where y® is the third-order nonlinear coefficient of air plasma, E,, rep-
resents the electric field of the fundamental frequency laser. The THz
field-induced second harmonics (TFISH) are detected using a photomul-
tiplier tube (PMT). During measurement, the power of the second har-
monic is measured [58].

2
IZw & |E2w|2 & (}((3)[0)) E%Hz

(6)

Consequently, this measured quantity is proportional to the inten-
sity, which is proportional to the square of the THz electric field, result-
ing in incoherent detection. However, when THz waves are measured
in gases, there is a background second-harmonic signal from the white
light emitted by the air plasma, designated as EZL(‘?, resulting in homo-
dyne detection of the THz field. The resulting second harmonic intensity
then becomes [59]:

20 20

. 2
IZ(u & (EZ(U)Z = (Eugnul + ELO)

cos (@) O]

= (Bl Y (ELOY + 250 L0
which includes a cross-term with a linear dependence on the THz field.
If EZLQ? is much larger than the field of TFISH, the cross-term dominates,
resulting in quasi-coherent detection of the THz waves. The homodyne
technique partially addresses the challenge of coherent THz wave detec-
tion using a four-wave mixing process. However, it has notable disad-
vantages: it remains coherent only within a specific range of THz field
values and can distort the waveform if the field is too high. Furthermore,
the requirement for EZL”?, to be significantly larger than the signal ne-
cessitates a large background signal, complicating the achievement of
an adequate dynamic range for THz-TDS.

To overcome these limitations, employing a heterodyne technique
can lift the intrinsic limit on THz field strength and ensure coherent de-
tection [60]. Similar to TFISH generation, a second-harmonic signal can
be produced using a DC electric field as one of the inputs, in a method
known as air-biased coherent detection (ABCD). Assuming the nonlinear
susceptibility of the two processes is the same and that they are plane
waves, the following expression is obtained [58]:

Eyy x y¥E E,(Ery. + Epc) ®)

which again contains a coherent cross-term in the expression for the
second-harmonic intensity:

2
12(0 & |E2w|2 & (}((3)10)) (Ez ®)

2. 2Erg . Epc + E3)
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In contrast to the second-harmonic generation using a white light
local oscillator, the phase of the DC field-induced second harmonic can
be readily controlled. Simply altering the direction of the electric field
results in a z shift in the carrier phase of the second harmonic pulse.
This modification changes the sign of the cross-term while leaving the
other terms unaffected [61]. Therefore, by using an AC field synchro-
nized with laser pulse repetition, the cross-term is modulated at the AC
frequency. In the ABCD method, employing a modulated bias induces a
heterodyne process that isolates only the coherent term of the measure-
ment. This approach does not require matching the relative amplitudes
of the THz and bias fields, thus allowing the measurement of a large
THz field against a minimal background and enhancing the potential
dynamic range. The detection bandwidth can be expanded by shorten-
ing the laser pulse duration [60]. For example, with a 120 fs laser pulse,
the bandwidth encompasses up to 10 THz. However, compressing the
pulse to 32 and 10 fs extends the bandwidth to 40 THz [62] and 200
THz [63], respectively.

The sensitivity of the ABCD technique can be increased through a
balanced heterodyne detection scheme, which employs a polarization-
dependent geometry. By exploiting the tensor properties of third-order
nonlinear susceptibility, second-harmonic pulses with two orthogonal
polarizations were detected by two separated PMTs. The outputs from
the PMTs were subtracted using a balanced detection circuit, which
mitigates the noise from laser fluctuations, thereby doubling the SNR
[64,65]. Another effective strategy for enhancing the sensitivity of gas
plasma detection involves selecting gases with high nonlinear proper-
ties, appropriate gas pressures, and optimized detection pulse energies
[66-68]. Experimental studies have shown that nonlinear gases such as
N,, Xe, SFg, CS,, CsHg, and various alkanes are particularly effective
in detecting THz waves. Notably, propane has demonstrated a detection
signal strength 40 times greater than that of air under comparable con-
ditions [66,67]. Additionally, the unipolar polarization method in THz
wave detection allows for direct measurement of both the amplitude
and polarization angle of the THz field in the time domain [61,69-71].

By integrating $-BBO crystals into the optical pathway, TFISH along
with a controlled second harmonic facilitates broadband THz wave co-
herence detection, termed optically biased coherent detection (OBCD)
[72]. This method affords precise control over the intensity, phase, and
polarization of frequency-doubled laser light. By adjusting the bias of
the second harmonics, which are absent in the supercontinuum, the
phase difference can be manipulated using dispersion optics to achieve
heightened sensitivity. The OBCD method is capable of resolving the
orthogonal polarization components of the THz field and enables the
measurement of THz wave polarization by rotating the polarization of
the fundamental laser [73].

Although gas plasma-based coherent detection methods offer broad-
band capabilities, they are unable to capture TFISH signals from back-
ward or lateral directions. Furthermore, the strong attenuation of water
vapor at THz frequencies restricts the propagation distance of broad-
band THz pulses [74], rendering these methods unsuitable for long-
distance coherent detection.

3.2. THz radiation-enhanced emission of fluorescence

When a gas is exposed to a strong laser pulse, photoionization lib-
erates free electrons from the atoms or molecules, and the absorption
of multiple optical photons creates many higher energy states. These
states are nearly at the ionization threshold, making them highly sus-
ceptible to further ionization by collisions with nearby high-energy elec-
trons, which then produce fluorescence [75-77]. In ambient air, nitro-
gen molecules are the primary source of fluorescence in the ultraviolet
spectrum, with wavelengths ranging from 300 to 500 nm. Upon illumi-
nation by a THz pulse, the plasma’s free electrons gain kinetic energy,
leading to further ionization of the molecule through collisional inter-
actions. This process significantly enhances fluorescence emissions from
the molecules or ions [78-81]. The time derivative of the enhanced flu-
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orescence is proportional to the square of the THz field, exhibiting a
constant phase delay. This characteristic facilitates incoherent THz wave
detection with a temporal resolution defined by the ionizing pulse enve-
lope. Additionally, coherent detection employing THz-REEF is feasible
when an external bias, aligned parallel to the THz field, is applied to the
plasma acting as a local oscillator [75].

In a setup utilizing synthetic light fields from two-color pulses, ion-
ized electrons acquire an asymmetric drift velocity. The polarization and
relative phase of the two laser fields are critical in manipulating the drift
velocity distribution and, consequently, the electron trajectory. The am-
plitude and direction of the THz field directly affect the plasma fluores-
cence, with the THz waveform information being encoded through the
observed changes in fluorescence caused by different time delays be-
tween the THz pulse and laser pulses. By measuring the time-dependent
fluorescence emission, one can accurately characterize THz waveforms.
The total enhanced fluorescence emission, denoted as FL, resulting from
energy transfer over an extended duration, can be expressed as [79]:

+00
Al (A@ya0) % 1, | [ (m0*(0) +2m,v(0)Av,)

—00

x p(v(0), Ay, 5, )du(0)/2 + <me > Auf)] (10)
i=1

tl
J/ eEpy.(Hdt/m,, v is the electron relaxation time, n, de-

where Av; = —
-7
notes the electron density, and m,v*(0) term corresponds to the energy
transferred by the initial electron kinetic energy from the laser intensity.
The first-order term, 2m,v(0)Av,, is attributed to the acceleration before
[~
the initial impact, while the second-order term, m, Y, Au‘.z, represents the
energy imparted from the external THz field. Giveln ]that the electron re-
laxation time is significantly shorter than the period of the THz pulse, the
THz field can be approximated as nearly constant between adjacent col-
lisions. By calculating the difference between Al (Ag,,,, = 7/2) and
Alp;(Ag, ), = —7/2), insights into the time-dependent THz field can
be directly obtained:

AIFL(AwQO = _”/2) - AIFL(A¢W2W = ”/2)
o 1,p(0,,0)et0,(0) Ep gy, o Epyy,

an

The fluorescence emission from the two-color laser plasma was ob-
served to be 50% greater than that from the non-overlapping pulses.
This method is unaffected by multiple reflections of THz pulses at the
detector-air interface, thereby eliminating any limitations on the time
window of the signal. THz-REEF effectively mitigates the issue of at-
mospheric moisture absorbing THz waves. By capturing time-resolved
THz-REEF, the temporal waveform of the THz field can be determined
from the transient enhanced fluorescence, making THz-TDS valuable for
omnidirectional and coherent detection [82]. Although the fluorescence
collection efficiency diminishes with increasing distance and the SNR
of the THz wave decreases, the system can still accurately reproduce
the THz waveform at various distances and distinctly identify the THz
spectrum up to a distance of 10 m, thus facilitating long-distance de-
tection [79]. However, THz-REEF does have some limitations. Firstly,
the resolution is constrained by the scattering frequency of electrons
in the plasma. For frequency components significantly higher than this
scattering frequency, the sensitivity of this detection method decreases
compared to that of the lower-frequency components. Secondly, the flu-
orescence cannot penetrate obstacles that are opaque to visible light.
Lastly, there is a safety concern with the use of strong amplifier lasers,
which pose potential risks to human eyesight.

3.3. THz radiation-enhanced acoustics

TEA utilizes laser plasma photoacoustics for the detection of THz
waves. Under the irradiation of powerful femtosecond laser pulses,



G. Wang, R. Wu, L. Zhang et al.

molecules undergo photoionization on a sub-picosecond timescale. The
laser field heats the free electrons, while the neighboring molecules or
ions remain substantially cooler. As these hot electrons collide with
surrounding air molecules, energy is transferred, gradually leading
to thermal equilibrium. This process results in the translational mo-
tion of the molecules, generating a shock wave that transforms into
sound waves [83]. When a laser pulse spatially overlaps and precedes
the THz pulse, the THz field amplifies the sound pressure [84,85].
This acoustic emission from single-color laser-induced plasma is an
effective means to detect THz waves [86]. The benefits of this de-
tection method include: a) its omnidirectional mode, where signals
are collected from any direction, and b) its robustness against wa-
ter vapor interference, which is particularly advantageous for long-
distance detection. However, a limitation of this method is its inabil-
ity to capture the phase information of the THz pulse from the acoustic
signal.

To investigate the influence of the optical phase on the velocity
distribution of electron drift, a second-harmonic laser field was intro-
duced to isolate the energy absorbed by the electrons from the THz
field before their collision. This approach facilitated a physical un-
derstanding of how the dual-frequency field affects the path of free
electrons in plasma, translating THz spectral information into sound
waves. In the acoustic emission of a two-color laser-induced air plasma,
the enhancement of the sound pressure can be expressed as follows
[84]:

+oo

Ap(Adyae) 1| [ (m,52(0) +2m,B(0)AD,,)

X p((0), Ay, 0,)dTO0)/2 + m, Y AT,

i=1

12)

where A0,; represents the effect of the change in the THz field on the
electron velocity during two consecutive electron-molecule collisions,
and ¢,, ,,, indicates the relative phase between the two laser fields. Given
that the electron relaxation time 7 is shorter than the duration of the
THz pulse under atmospheric pressure, the pressure increase (Ap) can

0
be approximated as ezr/ Epy, () dt Jm,.
D

]
Owing to the relationship Av,; = — [ eEpy_()dt/m,, the direct cor-
-7

relation between the THz electric field strength and the increase in
sound pressure can be explicitly defined as:

Ap(n/2) — Ap(-7/2)  Epp, 13)

Therefore, TEA from plasma induced by two-color laser fields offers a
unique solution for coherent THz wave detection. An acoustic enhance-
ment of approximately 10% is observed across the 140 kHz bandwidth
of the broadband microphone signal when using 100 puJ pulse energy at
a wavelength of 800 nm for the laser pulses [84,86]. In both scenarios,
the THz-field-induced heating of electrons and the subsequent increase
in electron-electron, electron-ion, and electron-molecule collisions lead
to enhanced acoustic waves. A detailed study of laser-induced photoa-
coustics reveals a unique method for remotely and omnidirectionally
detecting THz waves by “listening” to the interaction of laser-induced
plasma with pulsed electromagnetic radiation.

While both THz-REEF and TEA can achieve long-distance omni-
directional THz wave detection, the acoustic pressure decreases with
radial distance at rate 1/r and fluorescence signal decreases with 1/r2.
A THz system utilizing gas photonics for both generation and detec-
tion boasts unique features, such as a broad, continuous bandwidth that
spans the entire THz range. Various geometries have been introduced
to optimize the efficient use of input laser energy, as well as the dy-
namic range and bandwidth. However, significantly improving detec-
tion sensitivity remains challenging due to the low molecular density of
the gaseous medium.
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Detected THZz Field

Fig. 3. Schematic of the water-based coherent detection. Low-energy fem-
tosecond laser pulses and THz pulses are collinearly focused onto a free-flowing
water film. The interference signal of the THz-induced second harmonic and a
control second harmonic is measured to extract the temporal waveform of THz
waves.

4. Coherent detection by free-flowing liquid targets

Liquids offer higher molecular density and nonlinearity compared
to gases, which results in liquid plasmas having higher concentrations
of free electrons and lower ionization thresholds [87,88]. In contrast
to solid media, liquids exhibit fluidity, comparable molecular density,
higher damage thresholds, and self-repaired capabilities. The potential
of using liquids for coherent THz wave detection has been a focused
research in the THz field. Therefore, exploring the interaction between
lasers and liquid media and developing new technologies for THz wave
generation and detection are of significant importance. In 2017, re-
searchers reported on THz wave generation from liquid plasma, opening
new avenues for the development of THz-related devices that utilize lig-
uid media [89,90]. In a study conducted in 2020, bipolar birefringence
signals induced by THz fields were measured in a free-flowing water
film [91], providing insights into the ultrafast intermolecular hydrogen
bonding dynamics in water. This highlighted potential advantages of
using liquid media for THz applications.

In 2022, Ref. [92] demonstrated the coherent detection of broadband
THz pulses for the first time using liquid water, which is illustrated in
Fig. 3. In addition, they extended water to other liquids, such as aqueous
salt solutions and ethanol. The ethanol- and solution-based coherent de-
tection scheme further improved the detection sensitivity and obtained
the nonlinear refractive index proportional relationship of different so-
lutions in the THz band. The liquid-based coherent detection (LBCD)
broadened the variety of THz wave detectors and provided the possi-
bility of revealing the molecular interaction mechanisms in a biological
liquid environment.

4.1. Liquid water

When broadband THz pulses and low-energy 800 nm laser were
collinearly focused onto a ~100 um free-flowing water film, creating a
water plasma. The 400 nm THz-induced second harmonic (TISH) emit-
ted from the water plasma was measured using a PMT. A BBO crystal
was positioned in the path of the 800 nm beam to generate a controlled
second harmonic (CSH) beam. When CSH beam was spatiotemporally
overlapped and interfered with the TISH beam, the collected signal ex-
hibited a linear component that correlated positively with the THz field.
The underlying mechanism of this process is four-wave mixing. The co-
herent signal Sy, can be expressed as:

+oo
SrH. 2Re{_f KOE2(t—tpy. ) Ebgy (1 - tTHZ)ETHZ(t)dt} (14)

0



G. Wang, R. Wu, L. Zhang et al.

where y® is the third-order nonlinear coefficient of water plasma, E,, (1)
represents the electric field of the fundamental frequency laser, Eq gy (1)
represents the electric field of CSH. This method simultaneously mea-
sures the amplitude and phase of the THz field. The time-resolved wave-
form of the THz field with the frequency range of 0.1-18 THz was suc-
cessfully achieved.

The scheme is sensitive to THz wave polarization, which was demon-
strated by the dependency of the TISH energy and interference signals
on the relative polarization angle 6 between the fundamental frequency
laser and THz field. The laser was vertically polarized and the THz po-
larization was rotated. The vertical component of TISH energy corre-
sponding to ;(S)yy follows cos?# and the horizontal component of the
TISH energy corresponding to ;(f;)yy ~ % ;(S)yy follows sin*# without the
CSH beam imposed on the probe beam. The interference signal follows
cos when the CSH beam was applied to ensure coherent detection and
its polarization was vertical. The results indicate that the scheme can
provide polarization-sensitive detection and the two orthogonal com-
ponents of the THz field can be time resolved by properly rotating the
polarization of the laser.

Water-based detection was well implemented with significantly
lower laser energy (a few pJs) compared to air-based scheme while
achieving sensitivity that is one order of magnitude higher under com-
parable conditions. This makes THz wave detection more achievable
owing to the low laser energy requirement. Hence, our scheme is fa-
vorable for situations in the absence of sufficiently high laser energy,
particularly when the laser beam needs to propagate a long distance to
interact with the THz field and the beam energy is significantly depleted
along the optical path.

4.2. Aqueous salt solutions

Significant variations in physicochemical properties, such as viscos-
ity, melting point, and boiling point, distinguish various types of salt so-
lutions from pure water. Several techniques including THz spectroscopy
[93,941], ultrafast infrared spectroscopy [95,96], low-frequency Raman
spectroscopy [97,98], and THz Kerr effect spectroscopy [99-101] have
been utilized to investigate properties of nonlinear susceptibility and
refractive index in pure water or related materials. Due to the complex
components and strong absorption of aqueous salt solutions, systemati-
cally studied have not yet been conducted in the THz region. Previous
spectroscopic methods have inevitable limitations. The water-based de-
tection method can be extended to aqueous salt solutions and the de-
tection sensitivity can be significantly enhanced owing to the typically
higher y©® of aqueous salt solutions.

In 2022, Ref. [102] demonstrated the applicability of water-based
detection methods to aqueous salt solutions (cesium iodide, lithium io-
dide, sodium iodide, and potassium iodide). All experiments were per-
formed under the same conditions. The results revealed that, at equiv-
alent concentrations, the detection sensitivity of iodine ion solutions
exceeded those of bromide and chloride ion solutions, with all salt solu-
tions demonstrating greater sensitivity than pure water. The refractive
index and, consequently, the detection signal strength of these solutions
are directly proportional to both the refractive index and the concen-
tration of the solid salts, showing a quadratic relationship. As the con-
centration of the solution increases, so does the detected signal strength,
due to the corresponding increase in the refractive index linked to higher
solution concentrations.

The refractive index of the solution (#,) is proportional to the refrac-
tive index of the solid salt (»,) and its concentration. A rough scaling of
the signal intensity and #, is a quadratic curve. The quadratic scaling is
attributed to four-wave mixing because the signal S,,, linearly depends
on x®, which is quadratically proportional to 7, as given by:

Sy x 7P g (15)
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With the increase in solution concentration C, the relationship be-
tween the y®, #,, and 5, can be obtained as

¥ ;15 x Cn? (16)

The correlation of the THz detection signal with ¥ or 5, of aqueous
salt solution has been established, which can be extended to more kinds
of liquids and regarded as a simple rule of thumb to assess the non-
linear susceptibility of various liquids. It provides not only a scheme
to enhance the sensitivity of THz coherent detection in liquids, but also
provides the possibility of revealing the crucial physicochemical proper-
ties of various liquids in the THz range. Furthermore, as the rotation and
vibrational energy levels of many biomacromolecules locate in the THz
range, the liquid-based THz detection technique is of great potential in
measuring and even controlling the characteristics of biomacromolecu-
lar solutions.

4.3. Polar liquids

Despite the significant potential of liquid water for generating and
detecting THz waves, its response to THz radiation is less pronounced
than that of other polar liquids, particularly ethanol [103]. Ethanol’s
lower ionization energy compared to water [104,105] facilitates eas-
ier ionization, requiring less laser energy to generate liquid plasma.
Additionally, ethanol has a higher y® than water [106], enhancing
its effectiveness for THz photonics applications. Studies have shown
that ethanol exhibits a stronger molecular response in the THz range
than pure water [107]. Moreover, research on THz wave generation has
demonstrated that ethanol can emit more intense THz waves than pure
water. In 2023, researchers confirmed the utility of ethanol as an effec-
tive medium for coherent THz wave detection [108], highlighting its
advantages over water in this application.

By employing ethanol for THz pulse detection, the detected signals
indicated that ethanol provided superior measurements compared to
pure water. Furthermore, the time-domain waveform of ethanol main-
tained a favorable SNR even at detection energies as low as 5 pJ, open-
ing new avenues for research into THz wave coherent detection at low
laser energies. Building on these findings and theoretical analyses of co-
herent detection using pure water and ethanol, additional studies were
conducted on THz signals detected in ethanol-water mixtures of var-
ious concentrations. The findings showed that the signal amplitude of
the ethanol-water mixtures increased with the concentration of ethanol.
This suggests that the time evolution curve of the coherent detection of
the mixture may represent a linear superposition of the coherent detec-
tion signals from pure water and pure ethanol. This observation implies
that the contribution to coherent detection is influenced by the number
of ethanol and water molecules on a sub-picosecond timescale, indicat-
ing the independence of the intermolecular vibration modes within the
mixtures. However, this linear superposition deviated from the measure-
ment data when the timescale exceeded a few picoseconds, suggesting
that the complex interactions among the molecular structures of the mix-
tures warrant further in-depth experiments for a comprehensive analy-
sis.

Liquid-based detection scheme could potentially be applied to other
similar polar liquids, such as methanol and acetone. Additionally, non-
polar liquid nitrogen has been demonstrated as a THz source. The
feasibility of using other nonpolar liquids, such as liquid nitrogen
and carbon disulfide, for THz wave detection remains an area for fu-
ture research. Notably, although the generation and detection of THz
waves in plasma channels can be analyzed in more detail in the semi-
classical plasma photocurrent model, weak plasma can usually be de-
scribed non-quantitatively by third-order optical rectification. This ap-
proximate nonlinear model is important for developing the water and
air plasmas into convenient and flexible THz wave generators and
detectors.
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Table 2
Comparison of THz wave detection methods.
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PCA EOS ABCD/OBCD THz-REEF TEA LBCD

[19] [53] [62,63] [79] [86] [92]
Maximum bandwidth (THz) 100 20 40/200 10 4 18
Required laser energy Low Low High High High Moderate
Sensitivity High High Low Low Low Moderate
Damage threshold Low Low High High High High
Long-distance capability N N N Y Y N
Omnidirectional collection feasibility N N N Y Y N

5. Discussions and perspectives

As the earliest coherent THz wave detection technique, solid-based
detection method has a broad bandwidth and high signal-to-noise ra-
tio. However, the detector is fragile after complicated fabrication and
usually could not tolerate high power laser irradiation. The gas detec-
tion methods solve the problem of low damage threshold and achieve
long-distance coherent detection of THz waves. However, due to the
low density of gas molecules, high-energy lasers are necessary. The lig-
uid detection method features low required laser energy and moder-
ate molecular density, affording a highly sensitive detection. However,
due to the greater dispersion of liquids at optical wavelengths and ab-
sorption at THz frequencies, its detection bandwidth and signal-to-noise
ratio are somewhat limited compared to the other two methods. As a
new coherent detection technology for THz waves, liquid methods show
great development potential and offer promising application prospects.
Table 2 compares the detection bandwidth, long-distance transmission
capability, omnidirectional collection feasibility for various solid, gas,
and liquid-based detection methods, highlighting their respective ad-
vantages and disadvantages.

The development of THz wave coherent detection is of great sig-
nificance in the research of THz spectroscopy and imaging technology,
which benefit the fields of material analysis, biological research, and
nondestructive testing. Ultrafast spectroscopy with time resolution can
study the internal electronic motion of semiconductors, such as colli-
sions and scattering between electrons and phonons, and electron migra-
tion effects. THz spectroscopy technology can be used to obtain protein
fingerprints, label-free measurement of molecular reactions, label-free
biochip readout, and detection of conformational changes that occur in
biomolecules during their physiological functions. THz imaging can be
used to monitor, detect, and identify explosives, biochemical warfare
agents, and viruses in homeland security. With the advent of various
intense THz sources, the interaction between THz waves and matter has
become more pronounced, enabling detailed observation of biomolec-
ular activities at the microscopic level and furthering exploration into
the nonlinear properties of materials in the THz range.

Consequently, enhancing THz wave detection technology remains a
pivotal focus of research. Solids, gases, and liquids have been demon-
strated as materials for coherent THz wave detection. Despite signifi-
cant advancements in this field over recent decades, this review captures
only a limited scope of the developments. Current challenges include the
limited detection bandwidth and vulnerability to damage from dielec-
tric materials in solid-state methods, the requirement for high-energy
detection light in gas methods, and the low detection sensitivity in lig-
uid methods. Potential solutions may involve the use of solid materials
that possess higher damage thresholds and improved EO coefficients, or
liquids characterized by reduced absorption and increased third-order
nonlinearity. It is anticipated that future breakthroughs in THz wave
detection technology will reveal more compelling discoveries and sig-
nificantly advance the fundamental research and applications.
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