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To seek high signal-to-noise ratio (SNR) is critical but challenging for single-shot intense terahertz (THz)
coherent detection. This paper presents an improved common-path spectral interferometer for single-shot
THz detection with a single chirped pulse as the probe for THz electro-optic (EO) sampling. Here, the spectral
interference occurs between the two orthogonal polarization components with a required relative time delay
generated with only a birefringent plate after the EO sensor. Our experiments show that this interferometer can
effectively suppress the noise usually suffered in a non-common-path interferometer. The measured single-shot
SNR is up to 88.85, and the measured THz waveforms are independent of the orientation of the used ZnTe EO
sensor, so it is easy to operate and the results are more reliable. These features mean that the interferometer is
quite qualified for applications where strong THz pulses, usually with single-shot or low repetition rate, are
indispensable. © 2018 Chinese Laser Press

OCIS codes: (040.2235) Far infrared or terahertz; (320.7100) Ultrafast measurements; (230.2090) Electro-optical devices;

(300.6495) Spectroscopy, terahertz; (120.3180) Interferometry.
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1. INTRODUCTION

In recent years, intense terahertz (THz) fields have drawn
more and more attention because of their many applications
in extreme THz science featuring strong THz light–matter
interactions, nonlinear spectroscopy, and imaging [1].
Correspondingly, coherent detection for the THz intense field
has also become a hot topic in THz communities. THz electro-
optic sampling (THz-EOS) has long been an important tool
because of its ability to simultaneously detect both the ampli-
tude and phase of a THz field with broad bandwidth, besides its
simple alignment [2]. However, traditional THz-EOS is invalid
if the target THz field is not weak enough [3,4]. For strong
THz electric fields, it will not only result in deformed wave-
forms, but it will also result in “over-rotation” and ambiguity
[5]. Additionally, the intense THz field usually works with a
low repetition rate or single-shot mode, which means the tradi-
tional THz-EOS, operating usually with a pump-probe mode,
also cannot work well [6]. As a result, many activities have been
motivated to develop qualified single-shot THz detection.
Spectral encoding was first used to implement single-shot
THz-EOS with a chirped pulse to provide a mapping between
time and wavelength [7]. Regretfully, it was plagued by a loss of

temporal resolution due to its simple time-wavelength mapping
approximation and also by its validity for only the weak THz
field because it works on polarization-sensitive intensity modu-
lation. Some other efforts for single-shot THz detection include
angle-to-time encoding with transmissive dual echelons [8,9]
and a time-space encoding method by non-collinear crossing,
echelon mirrors, or by pulse-front tilting [10–15]. In spite of
the successes, all the single-shot detections mentioned above
work on the polarization-sensitive intensity modulation, and
thereby still fail to get rid of the weak-field limitation. Some
reports have proved that THz detection with spectral interfer-
ometry can overcome the weak-field limitation by easily
unwrapping the measured phase changes with some simple
algorithms [16,17]. Unfortunately, the highly sensitive inter-
ferometric measurement requires stringent experimental condi-
tions for accurate implementation because the fidelity of the
fringes is only maintained for collinear beams with high optical
phase stability and good spatial beam mode matching [6].
Sharma et al. [18] tried to realize self-referenced spectral inter-
ferometric measurements by subtracting the phase measured
at the edge of the probe beam from the phase values of the
center of the beam in order to effectively avoid the stringent
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experimental conditions and thereby promote the measured
signal-to-noise ratio (SNR) sixfold, but it cannot operate in
single-shot mode.

In order to get high SNR of single-shot THz coherent
detection for the intense THz field, we have recently demon-
strated theoretically and experimentally a common-path spec-
tral interferometer (CP-SI) for single-shot THz electro-optics
detection [19]. Its common-path alignment can be effectively
immune to the disturbances from environment, e.g., vibrations,
air turbulences, and temperature fluctuations, and can thus im-
prove the measured SNR by about 5.2 times compared with the
conventional Mach–Zehnder spectral interferometer (MZ-SI).
However, this design can record THz waveforms without de-
formation only when α, the angle between the polarization of
the normally incident THz field and the [0,0,1] axis of the used
(110) ZnTe-EO sensor, is equal to 0° or 180°. This implies that
α must be carefully calibrated before measurements. Here,
we present an improved CP-SI for single-shot THz detection
to avoid the α-dependence of the recorded waveforms.
Furthermore, this improvement can enhance the measured sig-
nal by a factor of ∼1.8, which means the measured SNR can be
1.8 times higher than that with the previous design for the same
target signals.

2. EXPERIMENTAL SETUP AND DESCRIPTION

Figure 1 shows the setup of our improved CP-SI. Here, the
used laser source is a 1-kHz, 35-fs, 800-nm Ti:sapphire ampli-
fier that can output a pulse chain with an average power up to
3.5 W. About 2.0 W of the pulse chain reaches a LiNbO3 crys-
tal as the pump via the tilted-pulse-front technique to generate
THz radiation [20], the target THz field of all following mea-
surements. The beam used as probe is about 20 mW. A beam
sampler is used to reflect a small part of the probe (∼1 mW) for
characterizing the temporal/spectral phase of the probe in real
time by our homemade spectral phase interferometer for direct
electrical field reconstruction (SPIDER) [21]. The transmission
of the sampler then passes through a stretcher, including a pair
of 180° folding right-angle SF57 prisms, to be stretched up to
12 ps, which is long enough to temporally cover the target THz
field. This arrangement allows us to realize single-shot opera-
tion by the aid of a pulse selector. An achromatic half-wave
plate (AHWP) is set next to the pulse stretcher to rotate the

probe polarization by about 45° with regard to horizontal
polarization. A 1-mm-thick h110i ZnTe-EO crystal (EOC)
is aligned with an angle of 120° between the [0,0,1] axis
and the vertical direction for maximizing the measured THz
signal. After the EOC, a 2.4-mm-thick α–barium-borate
(BBO) plate with its optical axis in its surfaces and along
the horizontal direction is used in order to get a relative time
delay τ (∼1 ps) between the two orthogonally polarized com-
ponents of the probe beam for proper spectral interference
fringes. Then a polarizer is followed with an angle of
∼45° between its polarization axis and the polarization direc-
tions of the two components so that the recorded spectral
interferogram has maximal optical modulation. Here the used
spectrometer is a fiber spectrometer (HR4000, Ocean Inc.,
1 × 3648 pixels) with a resolution of 0.1 nm from 720 to
880 nm. Moreover, setups for original CP-SI and MZ-SI are
the same as in Ref. [19].

Obviously, here the THz signal is probed by single beam
based on the THz EO effect. The recorded spectral interference
occurs between two beams, which are two components of the
identical probe beam with orthogonal polarization states. The
required relative time delay between the components for spec-
tral interference is induced by simply inducing a transmissive
birefringent plate after the EOC. As a result, the two beams
involved in spectral interferometry propagate always along
the common path, which is very helpful to suppress the noise
during our measurements. The h110i ZnTe crystal is used here
as the THz EO sensor because it can provide good phase
matching between the 800-nm ultrashort pulses and THz field
and has commercial quality.

In fact, the final received spectral interferogram of spectrom-
eter derives from interference between the ordinary light and
the extraordinary light of the α-BBO plate. The system mea-
sures the additional phase difference from the THz field
between the two lights, so the two lights can be seen as two
probes in the EOC. As shown in Fig. 2, when the angle
between the normally incident THz field and the [0,0,1] axis
of the EOC is equal to α, according to Ref. [22], the refractive
index variations imposed by THz field along the orthogonal
directions z 0 0 and y 0 0 can be expressed as

Δnz 0 0 �
n3

2
ETHz�t�r41�cos α cos2 θ − cos�α� 2θ��; (1)

and

Δny 0 0 �
n3

2
ETHz�t�r41�cos α sin2 θ� cos�α� 2θ��; (2)

Fig. 1. Experimental setup. S, sampler; M1 ∼M3, mirrors; L1, 2,
lenses; EOC, h110i ZnTe EO crystal; Si, silica wafer; BS1, 2, beam
splitters; OAPM, off-axial parabolic mirror; SPIDER, spectral phase
interferometer for direct electrical field reconstruction; P, polarizer.
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Fig. 2. Geometry of THz EO detection based on h110i ZnTe crys-
tal. The plane of the page is the (110) plane of the crystal, and the
angles α and θ are measured inside the (110) plane.
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with tan�2θ� � −2 tan α. Here, the parameters n and r41
stand for the refractive index and the EO tensor, while θ
and β represent the angles between z 0 0 and the [0,0,1] axis
and between the probe beam polarization and the [0,0,1] axis
as shown in Fig. 2. Accordingly, the angle γ between probe 1
and z 0 0 can be expressed by α − θ� β; meanwhile, the angle
between probe 2 and z 0 0 shall be γ − π∕2. Correspondingly,
the phase modulations of the two probe components can be
written as

φ1 �
2πL
λ

�Δnz 0 0 cos2 γ � Δny 0 0 sin2 γ�; (3)

and

φ2 �
2πL
λ

�Δny 0 0 cos2 γ � Δnz 0 0 sin2 γ�: (4)

As a result, the measured phase difference from THz signal
and extracted from the spectral interferogram shall be

φm � 2πL
λ

�Δnz 0 0 − Δny 0 0 ��cos2 γ − sin2 γ�: (5)

Obviously, φm is proportional to the THz field ETHz�t�,
which means the measured waveform will be independent of
α, β, and γ.

In an original CP-SI [19], the α-BBO plate is set in front of
the EOC between M1 and M2 as shown in Fig. 1. Hence, the
two probe components will see the THz field but with a relative
time delay τ; correspondingly, Eq. (2) can be rewritten as

Δny 0 0 �
n3

2
ETHz�t � τ�r41�cos α sin2 θ� cos�α� 2θ��: (6)

It is obvious that the nonzero τ makes φm be α–dependent,
thereby no longer proportional to the THz field ETHz�t�.
In other words, in this design, φm is only proportional to
ETHz�t� by choosing proper α so that φ1 or φ2 becomes zero.

3. RESULTS AND DISCUSSIONS

According to Eq. (5), if we rotate the EOC, we can find the
dependence of the measured phase induced by THz electric
field on the crystal’s azimuthal angle α in our improved CP-
SI. In Fig. 3(a), the solid black squares present the peak values
of the measured THz signals versus azimuthal angles α, the
angles of the THz beam polarization with respect to the
(001) axis of the EOC. The maximal phase values are about
0.13217, occurring at α � 58°, 122°, 238°, and 302°. From
Eqs. (1)–(5), we can estimate the peak value of the target
THz field from the measured peak phase value by
φmax1.76 × n3ETHzr41∕2. Accordingly, the peak value of the
measured THz field shall be 2.21 kV/cm. Here, L, n, and

r41 are the thickness, refractive index, and EO tensor of the
(110) ZnTe crystal in Fig. 1. Using a traditional MZ-SI instead
of our improved CP-SI, Fig. 3(b) still uses solid black squares
for the peak values of the measured THz signals versus α and
red line for corresponding theoretical fitting. We find the maxi-
mal values are about 0.07337 rad, about 1/1.80 of 0.13217, the
value with improved CP-SI, occurring at α � 0° or 180°. All
these experimental results agree with our theoretical fitting (red
lines) very well.

Figure 4 presents the α-dependence of measured waveforms
with the α-BBO plate (a) after and (b) in front of the EOC for
different α values, −20°, −10°, 0°, 10°, and 20° when τ � 1 ps.
In Fig. 4(a) with the α-BBO plate after the EOC, all the
normalized waveforms are well coincident for the different azi-
muthal angles α, which verifies our prediction that the mea-
sured waveform is independent of α. However, if we move
the α-BBO plate in front of the EOC, Fig. 4(b) shows there
are obvious differences among the waveforms for different α.
We attribute the independence in Fig. 4(a) to there being
no time delay induced (τ � 0 ps) between the two components
of the probe beam when phase modulated by the target THz
field. So we can conclude that if the α-BBO plate is set before
the EOC, the distortionless THz waveform is only available
when α � 0° or 180° so that one of the two polarization
components goes through the EOC without any THz phase
modulation. However, if the α-BBO plate is set after the
EOC, the distortion of the THz waveform for different α values
will never occur from the measurements, which makes the
EOC arranged more easily and the results more reliable.

Figure 5(a) presents the measured normalized THz signal
with our improved CP-SI in single-shot mode (blue line);
meanwhile, it also shows the normalized signals with traditional
multishot scan EOS for calibration (black line) and with
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Fig. 3. Dependences of the phases induced by THz field on azimu-
thal angle α with (a) improved CP-SI and (b) MZ-SI.
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Fig. 4. Measured waveforms of THz fields for different α values
with the α-BBO plate (a) after and (b) in front of the EOC.
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Fig. 5. (a) Normalized THz waveforms measured by three methods:
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THz field noises by using improved CP-SI (gray area) and the
RMS statistics over 100 shots (blue line).
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spectral encoding EOS (SE-EOS) [7] (red line) for compari-
sons. We can see the blue line agrees with the black line very
well. However, even averaging over 100 shots, the red line is
still much noisier than the blue line. Figure 5(b) focuses on
the recorded THz field noises by using improved CP-SI (gray
area) and the RSM statistics (blue line). Here, we successively
recorded the THz waveforms for 100 times, then statistically
analyzed the 100 data at every sample temporal point. The gray
area presents the time-dependent fluctuating region of the
recoded data at the temporal region �−6 ps; 6 ps�, where the
maximal fluctuation is 22.43 mrad at the temporal point
1.0 ps. The blue line exhibits the corresponding time-
dependent RMS values, which have an average value of about
2.7 mrad. The peak-peak value of the measured THz signal is
estimated at 0.2399 rad, so the SNR of the blue line of Fig. 5(a)
is about 88.85.

Figure 6 is extracted from the measurements with traditional
MZ-SI [19] in order to make a comparison with our improved
CP-SI. In the MZ-SI, the chirped probe is split by a beam split-
ter into two. One, with the phase modulation from the THz
field with the EOC, is known as the signal beam, while the
other without being modulated is called the reference, so they
propagate non-collinearly. In Fig. 6, the measurements are
made under the same optical configuration and pump source
to generate THz radiation, like those in Fig. 5. Figure 6(a)
shows normalized THz waveforms by traditional multi-shot
scan (black line) and MZ-SI (blue line). Similar to Fig. 5(a),
here we take the black line as the standard, too. Obviously,
there exist some discrepancies between the black line and the
blue line, especially in the temporal region �−6 ps; −3 ps�,
which we attribute to be the poor SNR of the blue line.
Also similar to Fig. 5(b), we statistically analyze the measured
noises by successively recording the THz waveforms for 100
times. The gray area of Fig. 6(b) presents the time-dependent
fluctuating region of the recorded data, where it is easy to figure
out that the maximal fluctuation is 120.1 mrad at the temporal
point 0.9736 ps. Simultaneously, we calculate each RMS from
the 100 data at each sampling point and show the RMS values
with a blue line, which has an average of about 19.2 mrad. The
maximal peak-peak value of the measured THz signal is around
0.1498 rad. Consequently, the SNR of the blue line in Fig. 6(a)
is about 7.80. From the analyses above, we can conclude that
our improved CP-SI can promote SNR from the traditional
MZ-SI by a factor of ∼11.4. We have also moved the
α-BBO plate in front of the EOC to record the signal with

CP-SI design [19], and we can find that the RMS value of
the measured noises is 3.0 mrad, very close to 2.7 mrad, that
with improved CP-SI. However, the peak-peak value of the
measured THz signal is about 0.1366 rad, about 1/1.75.
Accordingly, the measured SNR with improved CP-SI is about
1.95 times of that with original CP-SI, which shall be attrib-
uted to higher peak-peak value of the measured THz signal
obtainable with improved CP-SI.

4. CONCLUSIONS

Summarily, our improved CP-SI can promote the measured
SNR by a factor of ∼11.4 over the MZ-SI, and ∼1.95 over
the CP-SI. Here, improved CP-SI needs only a single probe
beam through the THz EO sensor, and the spectral interference
occurs between the two orthogonal polarization components of
the probe with a relative time delay generated with only a
birefringent plate after the EO sensor. Our experiments show
this design can not only effectively suppress the noises usually
suffered in a non-common-path interferometer, but also avoid
the dependence of the measured waveforms on the orientation
of the THz EO sensor in CP-SI. In our improved CP-SI, all
used optical components are standard components, so it is very
cost-effective and easy to be implemented. The measured
single-shot SNR is up to 88.85. All above features mean that
the interferometer is quite qualified for applications where
strong THz pulses, usually with single-shot or low repetition
rate, are indispensable.
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