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Both solids and gases have been demonstrated as the materials for terahertz (THz) coherent detection.
The gas-based coherent detection methods require a high-energy probe laser beam and the detection
bandwidth is limited in the solid-based methods. Whether liquids can be used for THz detection and relax
these problems has not yet been reported, which becomes a timely and interesting topic due to the recent
observation of efficient THz wave generation in liquids. Here, we propose a THz coherent detection
scheme based on liquid water. When a THz pulse and a fundamental laser beam are mixed on a free-flowing
water film, a second harmonic (SH) beam is generated as the plasma is formed. Combining this
THz-induced SH beam with a control SH beam, we successfully achieve the time-resolved waveform of the
THz field with the frequency range of 0.1–18 THz. The required probe laser energy is as low as a few
microjoules. The sensitivity of our scheme is 1 order of magnitude higher than that of the air-based method
under comparable detection conditions. The scheme is sensitive to the THz polarization and the phase
difference between the fundamental and control SH beams, which brings direct routes for optimization and
polarization sensitive detection. Energy scaling and polarization properties of the THz-induced beam
indicate that its generation can be attributed to a four-wave mixing process. This generation mechanism
makes simple relationships among the probe laser, THz-induced SH, and THz field, favorable for
robustness and flexibility of the detection device.
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Terahertz (THz) time-domain spectroscopy (TDS) has
been widely applied in biomedical research [1–3], material
characterization [4–7], and ultrafast science [8–11]. Time-
resolved coherent detection with simultaneous measurement
of THz field amplitude and phase is the key feature of TDS.
The most commonly used techniques for THz coherent
detection include photoconductive antenna [12,13] and
electro-optic sampling (EOS) [14,15] in solid media. The
detection bandwidths of these two techniques are largely
limited by the noninstantaneous response of carriers in
semiconductor materials [4] and the phonon absorption in
electro-optic crystals [16–18], respectively. By significantly
decreasing the crystal thickness in EOS, the bandwidth can
be broadened to 0.1–5 or 0.1–10 THz in ultrathin ZnTe or
GaP crystal, respectively. However, this is at the expense
of response sensitivity and additional complex correction to
the response function near the crystal Restrahlen band
[17,19,20]. In this case, it is difficult to obtain high
signal-to-noise ratio (SNR) for high frequency components.

Because of the absence of the Restrahlen band and low
dispersion, a gas medium irradiated by a near-infrared
femtosecond (fs) laser has been demonstrated to coherently
detect a broadband THz pulse (0.1–15 THz) with a smooth
response function [21–25]. In 2006, Dai et al. mixed a
THz-induced second harmonic (TISH) field with white
light from the laser-excited air plasma and realized time-
resolved THz coherent detection [21]. Then Liu et al.
further reported the application of this air-based detection
method in THz remote sensing in 2010 [23]. On this basis,
the successive developments of air biased coherent detec-
tion (ABCD) [24] and optical field biased coherent detec-
tion (OBCD) [25] greatly improved the performances of the
air-based detection scheme. The main mechanism is based
on the third-order optical nonlinearity in excited air plasma,
in which two fundamental fields (Eω) and one THz field
with a frequency much lower than ω mixed together to
generate one second harmonic field (E2ω). To further
improve the sensitivity, a gas medium with larger nonlinear
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susceptibility or higher gas pressure was also adopted
[26–28]. In this gas-based detection scheme, the plasma
formation is necessary [29], which usually requires the
near-infrared probe laser energy with a few hundred
microjoules (μJs) due to the high ionization threshold in
the gas medium.
Liquid usually has a lower ionization threshold than gas

[30–32] and a higher density close to solid, which means that
light could interact with more molecules and it is easier to
form high-density plasma. Moreover, most nonlinear phe-
nomena during filamentation in liquid become much more
remarkable than gas due to larger nonlinear susceptibility
[33,34].Therefore, it is natural to raise the questionofwhether
liquid can provide THz coherent detection with lower probe
laser energy and higher sensitivity. A few recent experiments
have demonstrated strong broadband THz generation from
water in a cuvette [35], awater film [36], and awater line [37],
respectively. Although the THz generation mechanism in
water demands clarification, it is clear that plasma excitation
is necessary for THz generation, which is similar in air. Note
that usually a THz generation process could be reversed for
THz detection, so it is reasonable to expect that liquid,
particularly water, could be harnessed as a high-performance
THz detector with superior properties.
Here, we demonstrate a coherent detection scheme of

broadband THz pulses in liquid water. We obtain the
temporal waveform of a THz field with the frequency range
of 0.1–18 THz by combining a TISH beam generated in
water plasma with a control SH (CSH), where we prove that
the generation mechanism of the TISH can be attributed to

the four-wave mixing. Compared to the air-based detection,
our proposed water-based scheme is well implemented with
a much lower probe laser energy of even a few μJs and the
detection sensitivity is 1 order of magnitude higher under the
comparable conditions. This is the first timewe realize a THz
coherent detection scheme based on liquid and this scheme
makes THz detection more achievable due to the low probe
laser energy requirement. Hence, our scheme is favorable for
situations in the absence of high enough probe laser energy,
particularly when the probe laser beam needs to propagate a
long distance to mix with the THz field and the beam energy
is significantly depleted in the optical path.
Experimental setup.—Schematic of our experimental

setup is depicted in Fig. 1(a). A THz pulse with the
frequency range of 0.1–18 THz and an 800 nm fs probe
beam with the same polarization along the vertical direction
are co-focused on a 90-μm-thick free-flowing water film
[36], and a water plasma is formed if the probe beam is
above 2 μJ. Then, the 400 nm SH beam emitted from the
water plasma is measured by a photomultiplier tube (PMT)
through a 400 nm narrow-band filter. When a 50-μm-thick
type-I β-barium borate (BBO) crystal is placed in the path
of the 800 nm probe beam, a CSH beam can be generated
and collinearly propagates with the fundamental beam.
When the CSH beam is vertically polarized and coherent
with the TISH beam, a linear component positively
correlated with the THz field appears in the collected
signal. This provides an opportunity to measure the THz
field amplitude and phase simultaneously. To demonstrate
the feasibility of this water-based detection scheme, we

FIG. 1. Coherent detection of THz field by water film. (a) Schematic of the experimental setup. An 800 nm laser beam passes through
a BBO crystal to generate a CSH of 400 nm and a THz pulse is focused on a water film to generate the other SH (i.e., TISH). Combining
the TISH with CSH, the signal is collected by the PMT. (b),(c) Measured THz waveforms and the corresponding spectra, where the blue
solid and red broken lines in each plot correspond to the results of water-based scheme and EOS with a GaP crystal, respectively.
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measure a THz time-domain waveform and its correspond-
ing spectrum, as shown by the blue solid lines in Figs. 1(b)
and 1(c), respectively. The probe beam energy is set as 5 μJ
in this experiment.
To compare the measured results with EOS, we limit the

bandwidth of the THz pulse below 6 THz by using a low-
pass filter and control the THz field strength at 0.3 MV=cm
to ensure the detection validity based on the 100-μm-thick
GaP crystal. By taking the complex response function into
account, we reconstruct the waveform and spectrum of the
THz pulse [15,17,19,20], as shown by the red broken lines
in Figs. 1(b) and 1(c). The measured results of the THz
waveforms and spectra from two detection methods agree
well, which proves the reliability of the water-based
coherent detection. Note that the structured spectrum in
Fig. 1(c) results from the absorption of water vapor rather
than liquid water [38], thus, the characteristic absorption
lines of the two methods are almost the same. The
introduction of the liquid water film would not obviously
change the water vapor concentration and meanwhile, the
humidity is kept constant in our laboratory.
TISH generation mechanism.—A four-wave mixing

process is the basis of the air-based THz coherent detection,
which is trigged to generate TISH carrying the THz field
information. Analogously, one can expect that four-wave
mixing can also arise in water since it has a higher
third-order nonlinear coefficient than air. The four-wave
mixing gives the dependency of the TISH field ETISH on the
probe laser field Eω and the THz field ETHz as: ETISH ¼
χð3ÞE2

ωETHz; where χð3Þ is the third-order nonlinear coef-
ficient. The TISH energy signal sampled at a time point
tTHz can be given by

εTISHðtTHzÞ ∝
Z

jχð3ÞETHzðtÞE2
ωðt − tTHzÞj2dt: ð1Þ

The TISH energy is proportional to the THz intensity
E2
THzðtTHzÞ, and therefore induces an incoherent detection.

The TISH energy signal calculated from Eq. (1) is shown
by the red broken line in Fig. 2(a), which reflects the THz
intensity profile. The blue line illustrates the measured
signal without the BBO crystal placed in the probe beam
(i.e., without the CSH), which approaches the calculated
results shown by the red broken line. In this experiment,
the THz pulses with the strength of 1 MV=cm and the
frequency range of 0.1–18 THz are used. The inset of
Fig. 2(a) displays that the dependency of the TISH energy
on the THz field strength is quadratic and in agreement with
Eq. (1). These results together with the THz polarization
dependence shown below indicate that the underlying
mechanism can be attributed to the four-wave mixing.
Coherent detection of THz pulses.—In order to realize

coherent detection, we introduce a CSH beam by placing a
BBO crystal in the optical path of the probe beam. The CSH
beam is spatiotemporally overlapped with the TISH beam.

When the polarization directions of the CSH and TISH
beams are parallel, the measured signal at a time point tTHz
can be expressed as the interference of the two beams:

S2ωðtTHzÞ

∝
Z þ∞

−∞
jETISH þ ECSHj2dt

∝ 2Re

�Z þ∞

−∞
χð3ÞE2

ωðt − tTHzÞE�
CSHðt − tTHzÞETHzðtÞdt

�

þ
Z þ∞

−∞
jχð3ÞE2

ωðt − tTHzÞETHzðtÞj2dt

þ
Z þ∞

−∞
ECSHðt − tTHzÞE�

CSHðt − tTHzÞdt ð2Þ

FIG. 2. TISH energy signal and interference signals from the
water film. (a) Measured (blue solid line) and calculated (red
broken line) TISH energy signals without the CSH imposed in the
detection. Inset shows the TISH energy as a function of the THz
field strength, where a quadratic fit is presented by the red solid
line. The black broken line in the inset marks the CSH energy
used in the experiments of Figs. 2(b) and 2(c). (b), (c) Interference
signals of the TISH and CSH, where the THz field strength is
taken as 1 MV=cm and 14.5 MV=cm, respectively. The blue
solid line shows the measured result, and the red and green
broken lines correspond to the calculation results of the first term
(coherent component) and second term (incoherent component)
in Eq. (2), respectively.
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The first term is linearly proportional to the THz field and
gives a phase-resolved cross-correlation measurement,
which introduces the coherent detection. The second term
leads to the incoherent detection and has been discussed in
Eq. (1). The third term is a constant background and can be
experimentally excluded by lock-in detection. To clarify the
contributions of the first two terms, we purposely set the
energy of the CSH beam as 3.5 × 10−6 μJ, which is equal to
the TISH energy induced by the THz field of 7.5 MV=cm. It
is marked by the black broken line in the inset of Fig. 2(a).
When the THz field strength is 1 MV=cm and the CSH
energy is nearly 2 orders of magnitude stronger than the
TISH energy, the coherent component predicted by the first
term in Eq. (2) is dominant. As shown in Fig. 2(b), the
measured signal agrees very well with the result calculated
by the first term. If we consider the detection with coherent
component 10 times higher than the incoherent component
as sufficiently coherent, the energy ratio between the
CSH and TISH should be larger than 25 (The validation
of this criterion can be seen in Supplemental Figs. S1 and S2
[39]). While the TISH energy is higher, e.g., Fig. 2(c) with
the THz field strength of 14.5 MV=cm, the incoherent
component (green broken line) is at the similar level to

the coherent component (red broken line), and hence the
measured signal (blue solid line) deviates from the results of
the coherent detection.
Note that the maximum SH conversion efficiency of the

BBO crystal is ∼5% and the CSH energy can reach around
0.25 μJ with the probe beam of 5 μJ. This CSH energy is 5
orders of magnitude stronger than 3.5 × 10−6 μJ used in the
experiments of Figs. 2(b) and 2(c). Therefore, it is quite
easy to achieve coherent detection of strong THz pulses,
which demands the energy ratio between the CSH and
TISH larger than 25. For example, the required CSH energy
is only 3.3 × 10−4 μJ to coherently detect the THz field
of 14.5 MV=cm, which is the highest field strength
available in our experiments (Please see more results of
coherent detection shown in Supplemental Figs. S1 and S2
[39]). Even when the THz field strength is as high as
100 MV=cm, the required CSH energy of 1.55 × 10−2 μJ
is very easy to achieve.
Phase and polarization dependencies.—We focus on the

coherent detection with the energy ratio between the CSH
and TISH larger than 25. In this case, the measured time-
resolved signal at a time point tTHz reduces to

Scoherent2ω ðtTHzÞ ∝ Re

�Z þ∞

−∞
χð3ÞE2

ωðt − tTHzÞE�
CSHðt − tTHzÞETHzðtÞdt

�
:

We define E2
ωðtÞE�

CSHðtÞ ¼ IωðtÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ICSHðtÞ

p
expðiΔφÞ, where the relative phase Δφ ¼ 2φω − φCSH with φω and φCSH

denoting the phases of the probe and CSH beams, respectively. The signal at a time point tTHz can be expressed by

Scoherent2ω ðtTHzÞ ∝ cosðΔφÞ
Z þ∞

−∞
Iωðt − tTHzÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ICSHðt − tTHzÞ

p
Re½ETHzðtÞ�dt

þ sinðΔφÞ
Z þ∞

−∞
Iωðt − tTHzÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ICSHðt − tTHzÞ

p
Im½ETHzðtÞ�dt:

For a given frequency component of the THz field,
Im½ETHzðtÞ� ¼ RefETHz½ωTHztþ ðπ=2Þ�g and the signal
at a time point tTHz can then be written by

Scoherent2ω ðtTHzÞ ∝ cosðΔφÞRe½ETHzðtTHzÞ�

þ sinðΔφÞRe
�
ETHzðtTHzÞ exp

�
iπ
2

��
: ð3Þ

Obviously, the measured signal can accurately reproduce
the time-resolved THz field when Δφ ¼ 0. Besides, Eq. (3)
allows us to further investigate the properties of our
detection scheme by adjusting Δφ. To capture the full
dependence of the measured signal on the relative phase,
we record the THz time-domain waveforms while trans-
lating the BBO crystal along the optical path to control Δφ
(see Supplemental Material, Fig. S5 [39]). The experimen-
tal results are consistent with the calculations predicted
by Eq. (3).

To further demonstrate that the scheme is sensitive to
the THz polarization, we study the dependency of the
TISH energy and interference signals on the relative
polarization angle θ between the probe beam and THz
field. In the experiment, the probe beam is vertically
polarized (y direction) and the THz polarization is rotated,
where the THz propagation is along the z direction. Water

is an isotropic medium, and two elements χð3Þyyyy, χ
ð3Þ
xxyy of its

third order susceptibility χð3Þ can describe the polarization-
sensitive signals, where the four subscripts represent the
polarizations of 2ω (TISH), THz, ω, and ω waves,
respectively. The TISH energy versus θ without the CSH
beam imposed in the probe beam is shown in Fig. 3(a). The

vertical component of TISH energy corresponding to χð3Þyyyy

follows cos2θ. The horizontal component of TISH energy

corresponding to χð3Þxxyy ≈ 1
3
χð3Þyyyy is also observed, which

follows sin2θ (see details in Supplemental Material [39]).
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Figure 3(b) shows the dependency of the interference signal
on θ when the CSH beam is applied to ensure the coherent
detection and its polarization is vertical. It follows cos θ and
agrees with the first term in Eq. (2). The results indicate that
our scheme can provide polarization sensitive detection and
two orthogonal components of the THz field could be time-
resolved detected by properly rotating the polarization of
the probe beam.
Comparison with the air-based detection.—Our water-

based scheme requires much lower probe laser energy than
the air-based detection scheme [21–25] to generate the
same level of TISH. We employ ∼5 μJ probe beam to
measure the waveform of a 1 MV=cm THz field in the
range of 0.1–18 THz in the water film, as shown in the blue
line in Fig. 4(a). In the air-based scheme, the energy of the
probe beam should be enhanced to ∼75 μJ to coherently
detect the THz field [the red broken line in Fig. 4(a)] at
the same leveled SNR. A clearer comparison of the two
schemes can be seen in Fig. 4(b), which shows that 1 to 2
orders of magnitude higher probe beam energy is needed in
air to achieve the same level of TISH energy. In other
words, the detection sensitivity in water is 1 to 2 orders of
magnitude higher than that in air under the comparable
experimental conditions. For example, if a 35 μJ probe

laser beam is applied, a 0.3 MV=cm THz field can induce
3.1 × 10−8 μJ TISH beam in water, but the value of TISH is
only 0.05 × 10−8 μJ in air. With these TISH beams adopted
in the coherent detection, the signal to noise ratios (SNRs)
are ∼85∶1 and ∼10∶1 for the water-based and air-based
schemes, respectively. More data can be seen in Figs. S3,
S6 in the Supplemental Material [39]. Note that even when
the energy is reduced to 2 μJ, the THz signal is still able to
be observed with a lowered SNR (see Supplemental
Fig. S4 [39]).
In summary, our investigation has shown for the first

time that liquid can be used for coherent detection of THz
pulses. The water-based scheme with a reduced probe laser
energy and enhanced sensitivity provides a reliable coher-
ent detection of broadband THz fields, relaxing the existing
problems in the solid- and air-based schemes. We have
achieved the time-domain waveform of the THz field with
the frequency range of 0.1–18 THz, and, in principle, the
measurable cutoff frequency can be significantly extended.
Therefore, our scheme has advantages in measuring broad-
band THz field over the common solid-based techniques.
Our scheme can be realized efficiently with a probe laser
energy 1 order of magnitude lower than the gas-based
scheme. In other words, the sensitivity of our scheme is

FIG. 3. Dependence of the measured signal on THz polarization. (a) TISH energy as a function of the relative polarization angle θ
between the probe laser and THz fields, where the crosses and dots correspond to the vertical and horizontal components, respectively.
(b) Measured signal as a function of θ in the case of the coherent detection.

FIG. 4. Comparison of the water- and air-based detections. (a) THz time-domain waveforms and the corresponding spectra (inset).
(b) Required probe beam energy to generate the TISH energy for the given THz field of 1 MV=cm. In each plot, the blue solid and red
broken lines correspond to the results with the water- and air-based schemes, respectively.
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1 order of magnitude. The sensitivity could be further
enhanced by replacing other kinds of liquids with larger
nonlinear susceptibility and lower absorption.
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