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This paper presents a novel design for single-shot terahertz polarization detection based on terahertz time-domain
spectroscopy (THz-TDS). Its validity has been confirmed by comparing its detection results with those of the THz
common-path spectral interferometer through two separate measurements for the orthogonal components. Our
results also show that its detection signal-to-noise ratios (SNRs) are obviously superior to those of the 45° optical
bias THz-TDS by electro-optical sampling due to its operation on common-path spectral interference rather than
the polarization-sensitive intensity modulation. The setup works without need of any optical scan, which does not

only save time, but also efficiently avoids the disturbances from the fluctuations of the system and environment.
Its single-shot mode allows it to work well for the applications with poor or no repeatability. ~ © 2022 Chinese

Laser Press
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1. INTRODUCTION

Terahertz (THz) time-domain spectroscopy (THz-TDS) has
been widely applied due to its unique ability to simultaneously
measure the refractive indices and absorption coefficients of
various materials in the THz region [1-3]. However, traditional
THz-TDS fails to detect directly polarization information, so it
cannot be used to sample directly the polarization-related
properties, such as magneto-optical effect [4,5], birefringence
and complex permittivity [1,6], chiral molecular identifica-
tion [7], and polarization imaging [8,9]. Despite this, through
traditional THz-TDS, THz polarization information can still
be characterized by multiple measurements with different ori-
entations of the THz polarizer or electro-optical (EO) crystal
used [1-3,8]. By inducing time delays to cascade the THz-TDS
of the THz orthogonal components [10,11], THz-TDS by
electro-optical sampling (EOS) with birefringent crystals can
carry out the THz polarization detection with a single scan.
Some other developments have also been made to detect the
THz orthogonal components, simultancously, e.g., setting
two arms for orthogonal detection in THz-TDS by EOS
[12,13], adding periodic modulation of the probes through ro-
tating the EO crystals or the polarizers continuously [14-18],
as well as adopting special photoconductive antenna detectors
with three contacts or four contacts [19-21]. However, all
above need pump-probe scans for one or more times, so
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excellent repetition is required for their targets, and the detec-
tions are vulnerable to the disturbances from the fluctuations of
the detection systems and environments. In recent years, some
methods have been made to realize single-shot THz-TDS
[22—24], which can avoid the detections from the time-
consuming pump-probe scans and the requirement of repeat-
ability. Unfortunately, all the single-shot setups are not able to
work directly well for THz polarization characterization.
Consequently, we focus on the design to realize effectively sin-
gle-shot THz polarization detection (SS-THz-PD) based on
THz-TDS by EOS. It can simultaneously detect the horizontal
and vertical components of THz-TDS based on THz phase
modulations without the need for an optical scan; thus, it

can work with high effectivity and high quality.

2. PRINCIPLE AND DESIGN

Our S§-THz-PD orginates from the combination of THz-TDS
by EOS with the single-shot Stokes vector detection [25] and
spectral interference [23]. As we know, the 45° optical-biased
THz-TDS by EOS [26] can record THz polarization character-
istics by inserting a half-wave plate (as shown in Fig. 1), where a
polarizer (P) is set with its transmission axis along the polari-
zation direction of the probe to purify the probe polarization;
then a quarter-wave-plate (QWP) is arranged to change the lin-
ear polarization into circular polarization. Suppose the probe
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intensity with a frequency of @ is /,; after passing through a
(110) zinc telluride (ZnTe) crystal with its (001) axis along the
vertical direction, the output signal /; can be expressed as [8]
_ Lon’yg Ery,L
o 2c
Here ¢ is the speed of light. We use 7, y4;, and L to represent
the refractive index, the linear EO tensor, and the thickness of
the ZnTe crystal, while a and ¢ stand for the orientations of the
THz polarization direction and the fast axis of the half-wave
plate relative to the (001) axis, respectively. Accordingly, when
setting ¢ to be 0° or 22.5°, the recorded horizontal and vertical
components of the probe can be written by

[2 sin @ - cos(4¢) + cos a-sin(4¢)]. (1)

Lwndyi L
I, = iETHZ sin a, (2)
c
and
1w’y L
I, = %ETHZ cos a, (3)
c

corresponding to the horizontal and vertical components of the
target THz field. Obviously, the setup shown by Fig. 1 can be
used to get the THz polarization via two separate measure-
ments with ¢ = 0° and 22.5°.

On the other hand, after passing through the ZnTe crystal,
the probe field (£, E,) can be expressed by Jones matrices as

E, /2 [cos @ —sin 6 exp ( {5) 0
(Ey) ZT(SinG c039>< 0 exp(z‘%))
cos @ sin 6@ 1 i E,

.<—sin9 COSQ)(Z’ 1)(0)
_ QE (cos("’) - i exp(26) - sin(% ))
2 7\ cos( )—exp(z2¢9) sm( )

Here, 0 = - arctan[2 tan(@)]/2, is the angle between the in-
duction axis and the ZnTe (001) axis, while ¢ is the birefrin-
gence phase difference due to the THz EO effect, and has the

following expression:

on’ Etyg,y L
2c
Then, according to the definition of the Stokes vector, it is easy

to get the corresponding Stokes vector expression as

(4)

Q= [2 sin a - sin(260) - cos a - cos(26)].  (5)
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Fig. 1. Schematic diagram of 45° optical bias THz-TDS by EOS. P,
polarizer; WP, Wollaston polarizer; QWP, quarter-wave plate; HWP,
half-wave plate; L1, L2, lenses; PM, off-axis parabolic mirror; ZnTe,
(110) ZnTe crystal; BD, balanced detector.

with 7, = |EP|2‘ Comparing Egs. (2) and (3) with Eq. (6), in-
terestingly, /,; or /,, is equal to Stokes parameter Sy or §,,
separately. Accordingly, we can get the THz horizontal and ver-
tical components by measuring the Stokes vectors of the probe
pulse, which drives us to relate the single-shot Stokes vector
detection with our SS-THz-PD.

The single-shot Stokes vector detection method [25] was
reported, which needs two thick birefringent crystals and a
high-resolution spectrometer. From the discussion above, for
our THz polarization detection, S is unnecessary. In order
to extend the method suitably for our SS-THz-PD, we make
some improvements on its design, meanwhile combining it
with our improved common-path spectral interferometer
(ICP-SI) [23]. Figure 2 shows the design of the SS-THz-PD
based on THz-TDS. In the setup, the (001) axis of the
(110) ZnTe crystal used is along the vertical direction, which
is parallel to the principal axis of the polarizer P2. The fast axes
of QWP1 and QWP2 are oriented at 45° and 90°, while the
optical axis of the birefringent crystal used is along an angle of
45° from the (001) axis, respectively. A pulse stretcher is used to
broaden the probe in order to cover temporally the target THz
pulses for single-shot detection. This stretcher consists of a pair
of 180° folding right-angle SF57 prisms displaced face to face
with each other. It folds the optical path inside the prisms and
has tunable dispersion by shifting one of the prisms in compact
structures [27]. According to this design, we can describe the
evolution of the probe field (£,, £ }) out of the ZnTe crystal to
the spectrometer (£, £,,) with Jones matrices as

(pr) ( 0)(cos 45°  —sin 450)

E, N 1 sin 45°  cos 45°

exp( )

cos 45°  sin 450) ( ) ( )

—sin 45°  cos 45°

- Z<Ey cos(@) -E, sin(@) ) @)

As a result, the recorded signal by the spectrometer can be

described with Stokes parameters (S, Sy, and S,) by

L1 PM_ 7zZpTe QWP2 P2

P1
€ [
R T I L/_ i r,KI
QWP1 THz field L2 a-BBO SP
Fig. 2. Setup of SS-THz-PD. ST, pulse stretcher; P1, P2, polarizers;
QWP1, QWP2, quarter-wave-plates; L1, L2, lenses; PM, off-axis par-
abolic mirror; ZnTe, (110) ZnTe crystal; a-BBO, a-BaB, Oy crystal;
SP, spectrometer.
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P(2) = |pr|2 + |Epy|2
= 25D~ 15:0) - i- Sy explif )]
1510+ i D] expl- i)

= 250D 31500 - cof) + 0], @)

with §1,(1) = 5, (1) -i5,(1) and o6(1) = arctan(-S,/S)).
Accordingly, the THz polarization direction relative to the
ZnTe (001) axis @(1) = - arctan{cot[o(1)]/2}. B(1), the bire-
fringence phase difference from a birefringent crystal, an
a-BBO plate in Fig. 2, can be expressed by -2z + @ (1),
and the Taylor expansion shall be

@A) = [B(A) + 2xLig] + A(D), (9a)
with a parameter
A”g|4=/10

L=d
4

(9b)
Here, An, = n,, - n,,, and d is the birefringent crystal thick-
ness, while A(4) is the higher order term of Taylor expansion,
which can be usually ignored for our probe with a unchirped
pulse width of 40 fs.

The P(4) in Eq. (8) recorded by a spectrometer is shown
with a spectral interferogram. Its interference fringes are deter-
mined directly by the time delay induced from the a-BBO
plate, but also modified by the THz signals. It includes two
parts. One, Sy/2, the DC component does nothing with
the target THz field, while the other, the AC component, is
responsible for the interference fringes with the polarization-de-
pendent information of the THz field, as well as the birefrin-
gent phase difference introduced by the birefringent crystal.
Accordingly, the horizontal and vertical component informa-
tion of the THz field can be extracted by Fourier transform
and filter processing from the measured spectral interferogram
with THz modulation. In our experiments, in order to avoid
the influences from the static birefringent phases, including
P(2) and those due to the adjustment errors of the birefringent
crystal and the QWP, we make two records of the spectral in-
terferograms with and without THz modulation, and then sub-
tract the latter from the former. The phase modulations on the
probe by the horizontal @1y, (@) [or @y, (4)] and vertical
@1H,,1 () [or @1y, 1 (1)] components of the target THz field
can be extracted by

@11, (@) = P11, (D)

-1
F {(FITHZ - FlnoTHz) CXP[ lﬂ(/i)]
OnoTHz

+ (FITHZ - FTnoTHZ) -explip(A)]} ETHz,||(a))> (10a)

and

P THz,1L (w) — P THz,1 4

o {(Frrin - Fraaris) - expl-i800)]
OnoTHz
- (FTTHZ lnoTHz) CXP[Zﬂ(l)]} & ETHZ J_(w) (1 Ob)

In both Egs. (10a) and (10b), the subscripts noTHz and THz
denote the measured results with and without THz modula-
tion, respectively. Fy, F, and F7 are as follows:

Fo = 5,00,
= J15,0) i Syl explif],

=S+ SOleplHOL (1)

Of course, the THz temporal signals £y, | (£) and E'ryy, | (2)
can be obtained by using frequency-to-time mapping
approximation of the chirped probe pulse, which will result
in a resolved time as large as (7, - 7,)% [28], where 7, or 7,
is the duration of the transformed-limited probe before or
after being chirped. In order for high temporal resolution, we
extract By, ) (¢) and Eryy, 1 (#) by the following Fourier trans-
forms [22]:

[ A, (@) explil, @) + prooy (@)]}do
Erray (7)o« arg{ T A, (@) explio (@)ldo }

(12a)

and

22 A, (@) explilg, (@) + @ry, 1 (@)]}do
i, (1) “arg{ & A, (@) explip, (@)]dw }

(12b)

Here, A,(w) and @, (w) are the spectral amplitude and chirped
phase of the probe after the pulse stretcher, respectively. They
can be obtained with a SPIDER setup to measure the probe pulse
before the stretcher, and on the material dispersion of the SF57
prisms. For the transforms by Egs. (12a) and (12b), we can find
that temporal resolution depends mainly on the spectral window
of the Fourier transform, which is usually larger than the probe
bandwidth, so we can estimate the temporal resolution with the
bandwidth or the unchirped pulse width of the probe. For a
given probe bandwidth, the high spectral resolution means more
sampling points, and thus high sampling accuracy.

The descriptions above mean that we can extract the THz
polarization information by the following steps: 1) record a
spectral interferogram without THz modulation, which pro-
vides only the DC part, the Sy/2 or Fy, and also the probe
spectrum; 2) record another spectral interferogram with
THz modulation; 3) extract the AC part by subtracting the
former interferogram from the latter to suppress the influences
from the static birefringence; 4) apply Fourier transform to the
AC part and therefore get two separate temporal components;
5) extract the temporal components by temporal filtering and
implement inverse Fourier transform to get | and Fj; 6) on
the precalibration of the static birefringence (1), get S, and
Sy; thus the modulation phases: @1y, (@) and @1y, | (@), on
the probe by the horizontal and vertical THz fields ¢y, (@)
and @y, ) (@), respectively. Finally, get Evpy, (#) and
Ery, 1 (¢) through the transforms according to Egs. (12a)
and (12b). These steps can be further illustrated with Fig. 3
by simulation. Obviously, we can see that SS-THz-PD can
measure the THz polarization state by only recording one spec-
tral interferogram after some precalibrations.
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Fig. 3. Illustration of the data process by simulation to extract the
horizontal and vertical components of THz temporal waveforms.

3. RESULTS AND DISCUSSION

During our experiments, the laser source used is a 1 kHz-
3.5 W-40 £5-800 nm Ti:sapphire amplifier. Most of its output
power is used to pump a MgO:LiNbOj crystal to generate the
THz field [29]. The rest, a small part of the output, works as
the probe. After passing through the pulse stretcher, the probe
pulses are broadened to 15.5 ps. A 1-mm-thick (110) ZnTe
crystal is used for THz EOS, and a 6-mm-long a-BBO crystal
is chosen to induce a time delay of 2.5 ps between the hori-
zontal and vertical components of the probe. The spectrometer
is an HR4000 (Ocean Optics Inc.) with a spectral resolution of
0.1 nm from 720 to 880 nm.

To verify the feasibility of our SS-THz-PD, we set three
target polarizations: vertical linear polarization, -60° oriented
linear polarization from horizontal direction, and right-handed
circular polarization of the THz fields as our targets. Here, the
THz fields have been maximized with their vertical linear
polarization. -60° linear polarization is gotten with two wire
grid polarizers. A 2.7 mm-thick quartz plate with its optical
axis parallel to its crystal plane can provide a birefringent phase
difference of /4 at 0.28 THz, so is used as an imperfect THz
QWP (due to the material dispersion) for a rough conversion
from linear to right-circular because of the lack of a broadband
THz QWP at hand. Based on the dispersion of quartz crystal in
the THz region, we have compared the detected (blue lines)
with the calculated (red lines) signals for both the horizontal
and vertical components in Fig. 4. We conclude that it can
work, but cannot do so exactly. However, the nonuniform

1.5 .S

3 W
Z10 @) | Z 10 (b)
= 2
05 £05
E 0.0-&%«/&0@ E 0.01
E-o.s g-o.s
Z-1.0 Z-1.0
-1.5 -1.5
6 4 2 0 2 4 6 6 4 2 0 2 4 6

t/ps t/ps

Fig. 4. Comparison between the measured (blue lines) and the cal-
culated (red lines) signals of the (a) horizontal and (b) vertical com-
ponents from the THz temporal waveforms with circular polarization
converted from the linearly polarized THz signal by using a 2.7 mm
quartz plate.
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absorption of the quartz plate to the different spectral compo-
nents, and the frequency-dependent diffraction loss induced
by the limited aperture of the quartz plate also contribute to
the discrepancy between the measured and the calculated
THz waveforms.

In order to confirm the validity of SS-THz-PD, we compare
the measurement results with those measured with the ICP-SI.
The arrangement is the same as the SS-THz-PD, except using a
half-wave plate, instead of the QWP2 in Fig. 2. By using ICP-
SI, we make two separated measurements for the THz horizon-
tal and vertical components to carry out the polarization detec-
tion by rotating the half-wave plate with ¢ = 0° and 22.5°.

Figure 5 shows the THz time-domain signals measured by
our SS-THz-PD (red lines) and ICP-SI (blue lines). For three
polarization states of the target THz field: vertical linear polari-
zation, -60° oriented linear polarization, and right-handed cir-
cular polarization, Figs. 5(a)-5(c) show the measured THz
horizontal components, while Figs. 5(d)-5(f) correspond to
the THz vertical components. Figure 5(d) also shows its
THz spectrum with an insert at its top-left corner, covering
from 0.05 to 0.6 THz. During the measurements, the integra-
tion time of the spectrometer is set at 50 ms, and the results
are the average over about 300 times measurements. From
Fig. 5, we can see that there are very excellent consistencies
between the detected results by SS-THz-PD and ICP-SI, which
verifies the validity of our SS-THz-PD. The litdle differences
between the two measurements may mainly be caused by
the adjustment errors of the wave plate and polarizers. For ex-
ample, to realize THz measurement with different polariza-
tions, the HWP in ICP-SI needs to be set at 0° and 22.5°,
respectively. However, 22.5° is difficult to be calibrated accu-
rately. We have simulated the influence of the angle deviation
from 22.5°. For example, for the vertical component of the
THz signal polarized along -60°, when the deviation is beyond
1°, distortion of the detected signal is obvious. If the deviation
reaches 2°, the peak-peak value of the THz pulse changes by
more than 15.1%.

From the horizontal and vertical components of the THz
time-domain signals in Fig. 5, we can extract the THz polari-
zation distributions. Figures 6(a)—6(c) are the distributions
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Fig. 5. THz temporal signals measured by SS-THz-PD (red lines)
and ICP-SI (blue lines) for three target polarizations: vertical linear
polarization, -60° oriented linear polarization, and right-handed cir-
cular polarization, with (a), (b), and (c) for the horizontal and (d), (e),
and (f) for the vertical components, and an insert on the top-left cor-
ner of (d) for the corresponding THz spectrum.
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Fig. 6. THz polarization distribution characteristics measured by
SS-THz-PD (red line) and ICP-SI (blue line) for the target THz
polarization states: (a) vertical polarization, (b) -60° polarization,
and () right circular polarization.

corresponding to the THz signals with vertical linear, -60° ori-
ented linear, and right-handed circular polarizations, respec-
tively. The extracted THz polarization characteristics agree
well with our predictions.

Like ICP-SI, SS-THz-PD also works with a birefringent
plate to modulate terahertz information into the AC compo-
nent of the recorded spectral interferogram. As stated in Ref.
[24], compared with the detections of 45° optical bias THz-
TDS by EOS based on polarization-sensitive intensity modu-
lation, those based on common-path spectral interference, e.g.,
ICP-SI, can get better measurement quality, or higher detection
signal-to-noise ratios (SNRs) when operating at single-shot
mode. Figure 7 presents the measurement results by using
SS-THz-PD (red color) and ICP-SI (blue color). Figures 7
(a)=7(c) correspond to the three target THz polarization states
of the THz fields, as shown in Figs. 5(a)-5(c). The red or the
blue zones gather the 300 measurements of THz temporal sig-
nals with SS-THz-PD or ICP-SI. Obviously, these zones can
reveal the fluctuations of the measurement results. The black
lines (also shown in Fig. 5) are their root mean square (RMS)
over the 300 measured waveforms, respectively, so the SNRs are
also calculated and presented.

From Fig. 7, we can see that both the measured signals and
the noises by using SS-THz-PD and ICP-SI at comparable lev-
els, thereby having similar SNRs. As described by Eqs. (2) and
(3), the detection sensitivity of (110) ZnTe crystal for the hori-
zontally polarized THz pulses is twice that for the vertically
polarized, so during our signal processing, the vertically
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Fig. 7. 300 groups of measured THz temporal signals by using SS-
THz-PD (red color zones) and ICP-SI (blue color zones) and their
RMS averages (black lines in the zones) for three target polarizations:
vertical linear polarization, -60° oriented linear polarization, and right-
handed circular polarization, with (a), (b), and (c) for the horizontal
components, and (d), (), and (f) for the vertical components.
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Fig. 8. 300 groups of measured THz temporal signals by using SS-
THz-PD (red color zones) and traditional 45° optical bias THz-TDS
by EOS (blue color zones) and their RMS averages (black lines in the
zones): (a) horizontal components and (b) vertical components.

polarized THz signals have been multiplied by a factor of 2
to reflect the real THz amplitudes.

Figure 7 also shows the measurement results of the circular
polarization are noisier than the linear polarizations. As stated
above, in our setup, the generated THz signal is linearly
polarized, and the circular polarization is converted into the
linear with a THz QWP; then the two measured orthogonal
components are decomposed from the circular polarization.
Accordingly, both their amplitudes are smaller than that of
the original linear polarization. Additionally, the losses from
the THz absorption, the uncoated surface reflections, and
the limited aperture of the quartz plate further weaken the mea-
sured signals. All above results in the signals are noisier than
those with linear polarizations.

Figure 8 tries to make a comparison of the detected SNRs of
the THz fields by using SS-THz-PD and the single-shot 45°
optical bias THz-TDS by EOS plus spectral encoding [28],
which works on polarization-sensitive intensity. Here, we use
red for the former, and blue for the latter. Obviously, the
SNR of the former is about twice as high as those of the latter.
That is to say, our experiments also confirm that the setups on
common-path spectral interference can get better SNRs than
those on the polarization-sensitive intensity modulation [22].

4. CONCLUSIONS

In summary, we have presented what we believe is a novel de-
sign based on THz-TDS by EOS for single-shot THz polari-
zation detection, named SS-THz-PD. It combines THz EOS,
single-shot Stokes vector detection, and spectral interference.
Its validity has been confirmed by comparing its detection
results with those of the reported common-path spectral inter-
ferometer through the two separate measurements for two
orthogonal components. Our results also show SS-THz-PD
has comparable detection SNRs with ICP-SI because both
work on spectral interference. However, it is obviously superior
to the single-shot 45° optical bias THz-TDS by EOS, which
operates on the polarization-sensitive intensity modulation.
This setup works without the need for any optical scan, which
does not only save time, but also efficiently avoids the disturb-
ances from the fluctuations of the system and environment. Its
single-shot mode allows it to work well for the applications with
poor or no repeatability. This work provides a powerful tool to
do effective and fast THz polarization detection, so it can be
applied in many important fields, e.g., THz polarization imag-
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ing and material characterization, THz spectroscopy, and the
interactions of intense THz fields with materials.
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