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Abstract: This review focuses on several recent research activities regarding precise and fast
polarization-sensitive terahertz time-domain spectroscopy systems for imaging purposes, and
explains three interesting application examples. Owing to modulation techniques that have recently
been developed for the evaluation of the instantaneous terahertz electric-field (E-field) vector, fast
and precise terahertz polarization imaging becomes feasible. This terahertz technology enables
high-resolution surface topography, precise understanding of the spatial E-field vector distribution of
the focused terahertz pulse, and examination of strain-induced birefringence in polymeric materials.
These examples constitute a new application area of terahertz photonics with emphasis on both
fundamental optics and industrial applications.
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1. Introduction

Terahertz imaging is an emerging technology and a popular research subject in the field of
photonics [1]. After the invention of the terahertz time-domain spectroscopy (THz-TDS) [2—4], the detection
sensitivity of the terahertz radiation has been dramatically improved due to the coherent measurement
scheme based on the ultrafast laser pulse technology. The improved detection allows us to increase
the speed of the terahertz imaging and thus terahertz imaging systems for industrial use become
feasible. In particular, the THz-TDS imaging provides additional information compared to the common
optical imaging. One example is the time-of-flight information of the terahertz pulse reflected and/or
transmitted through the sample which enables retrieving the tomographic profile of an object [5].
Another example is the spectroscopic information of an object in the energy range of few meV, which
is useful for identifying chemical species with their spectral fingerprint [6] and for measuring carrier
density and mobility of semiconductor devices [7,8]. As a result, a wide range of applications of
terahertz imaging has been reported, including biomedical and pharmaceutical applications [9-11],
quality control of industrial products [12], art conservation [13], and security control [14,15].

The polarization information of the THz-TDS provides additional information on magnetic
and anisotropic dielectric properties of materials when employing the terahertz Hall effect [7,16],
ellipsometry [8,17], or Faraday rotation spectroscopy [18-22]. In imaging applications, the polarization
information is especially important for determining the birefringence of materials, which is useful to
probe their anisotropies [23,24]. However, terahertz polarization imaging has not been extensively
studied until very recently [24-32]. One of the reasons was a lack of sufficiently fast and precise
terahertz polarization detection systems, which are crucial to achieve high-speed imaging. Recently,
there have been several important reports regarding the realization of fast and highly precise terahertz
polarization detection schemes, which are promising for polarization imaging applications. Because
the precision and speed of the terahertz polarization measurement is much better than before, a new
application field of the terahertz polarization imaging has opened.

This review focuses on several recent research activities aimed at realizing high-speed polarization
imaging systems and introduces a few examples for actual implementation which have recently become
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feasible. Section 2 elucidates some techniques that are important to achieve fast and precise terahertz
polarization imaging. In Section 3, the author provides a detailed overview of recent research activities
by his group regarding the applications of polarization imaging. Finally, I summarize the article in
Section 4.

2. Precise and Fast Terahertz Polarization Measurement Methods

For the practical implementation of terahertz polarization imaging, a fast and precise polarization
sensing method is necessary. There have been several important breakthroughs in the terahertz
polarization measurement scheme that allow us to increase both the sensitivity and the acquisition
rate. In this section, I review several terahertz technologies that are important for the polarization
measurement, and in particular, the polarization modulation technique [33].

2.1. Rotating Polarizer Method

A simple and straightforward implementation of the polarization-sensitive (PS) THz-TDS
measurement is to place a polarizer (wire-grid polarizer) in the terahertz beam path and quickly
rotate it by a mechanical rotator with angular frequency w which modulates the signal [34]. The typical
bandwidth of the wire-grid polarizer is 3 THz. The extinction ratio of the wire-grid polarizer depends
on frequency and the typical value is about 1000:1 [35]. A lock-in detection scheme that analyzes
the 2 w frequency component of the polarization-modulated signal enables determination of the
polarization direction of the detected terahertz wave with an accuracy better than 1 mrad [34,36].
An important issue in polarization measurements is the effect of the finite extinction ratio of the
polarizers, which induces unexpected signals, that is, even if two polarizers with mutually orthogonal
transmission axes are placed in the beam path, we have to consider that the terahertz intensity passing
through the two polarizers will not become zero. Morris et al. [34] carefully examined the effect of the
finite extinction ratio of the rotating polarizer and found that the finite extinction simply scales the
amplitude of the measured electric field (E-field) and a careful correction using the extinction ratio of
another static polarizer enables precise polarization measurements of terahertz waves. The rotating
polarizer method has been employed by several authors for measuring the complex Faraday angle [36],
optical activity [37], birefringence [38,39], anisotropic molecular absorption [40], and the thickness of a
paint coating by implementing this method in a terahertz ellipsometer [17].

2.2. Utilization of Polarization-Sensitive Intensity Modulation of the Electro-Optic Signal

Electro-optic (EO) sampling [41-44] is an important technique to quantitatively measure the
temporal E-field profile of the propagating terahertz radiation. In the EO sampling technique,
the terahertz E-field incident on the EO crystal modifies the crystal’s refractive index ellipsoid via the
EO effect (Pockels effect), and the change of the refractive index ellipsoid is probed by the polarization
change of an ultrafast laser pulse (hereafter referred to as probe pulse) that is also incident on the EO
crystal. This probe pulse needs to be synchronized with the terahertz pulse. By scanning the relative
time delay between the terahertz and probe pulses, the time-domain waveform is obtained from the
EO signal. The measured EO signal is proportional to the terahertz E-field when the velocity-matching
condition between the terahertz and ultrafast laser pulses is satisfied. The absolute value of the
E-field can be estimated by considering the effects of refractive index, thickness, and the EO coefficient
of the EO crystal [43]. Even though the velocity-matching condition may not be strictly satisfied,
the frequency domain analysis, including the dispersion of the refractive index and the EO coefficient
(of the EO crystal), provides a precise shape of the E-field transient [45-47].

It is possible to probe the polarization of the terahertz pulse by the EO sampling method
without use of wire-grid polarizers. Because the sensitivity of the EO signal depends on the crystal
orientation and the polarizations of terahertz and probe pulses, the polarization information of
the terahertz pulse can be extracted by rotating the EO crystal and measuring two waveforms at
specific angles. Because here the wire-grid polarizers are not used, the measurement bandwidth
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is only restricted by the bandwidth of the EO crystal, where the velocity-matching condition is
well satisfied. Planken et al. demonstrated that detection of the terahertz pulse polarization is
possible by rotating the <110>-oriented ZnTe crystal if the direction of a specific axis of the crystal is
known [48]. Van der Valk et al. provided general equations describing the EO signal as a function of
the crystal angle and the polarization directions of the terahertz and probe pulses [49]. Yasumatsu and
Watanabe [50] proposed a fast and precise method for polarization determination which employs a
mechanically rotating <110>-oriented GaP crystal with a relatively fast angular frequency w for signal
modulation (spinning EO sensor method). Here, a lock-in detection scheme is used to analyze the
amplitudes and phases of the w and 3 w frequency components of the intensity-modulated signal.
They achieved a standard deviation of 0.56 deg (~10 mrad) for the terahertz E-field direction within
a measurement time of 21 ms. In this scheme, a precise knowledge of the direction of the specific
crystal axis in the GaP crystal is not required during the measurements. Another way to probe the
polarization by EO sampling is to modulate the polarization of the probe pulse by using a photo elastic
modulator [51] or EO modulator [52]. Nemoto et al. achieved a precision of 0.1 mrad for the direction
of the terahertz E-field vector determined within a measurement time of 660 ms [51]. The precise
shape of the E-field vector transient is obtained from the experimental results by a numerical analysis
including the dispersion of the refractive index [53].

2.3. Utilization of a Polarization-Sensitive Detector

For determining the polarization state of a terahertz pulse, two time-domain E-field transients
with mutually orthogonal polarization have to be measured. If a conventional terahertz polarization
detection system is employed, it takes additional time to evaluate the second E-field transient
because a reorientation of the polarizer to the orthogonal direction is required. In order to perform a
real-time polarization measurement, researchers sometimes use PS detectors. In these devices, one can
simultaneously detect the terahertz-pulse-induced current along two orthogonal directions [54], which
enables real-time extraction of the terahertz E-field vector. Another advantage of PS detectors is that
they do not rely on wire-grid polarizers and hence the measurement bandwidth is not restricted by the
wire-grid polarizer bandwidth. Below, I describe the two representative PS detectors that have so far
been reported.

2.3.1. Polarization-Sensitive Antenna

Simultaneous measurement of two E-field transients with orthogonal polarization is possible by
using a multicontact photoconductive receiver with two closely-spaced photoconductive gaps whose
directions are orthogonal. Castro-Camus et al. proposed this idea and demonstrated the real-time
measurement of the E-field vector of a terahertz pulse [54]. The extinction ratio of their device is
about 100:1 [54]. In another work, they achieved a polarization resolution of 0.34 deg (~6 mrad) [55].
Other multicontact geometries have been proposed to improve the accuracy [56,57] and the frequency
bandwidth up to 30 THz [58]. The multicontact polarization detection scheme was successfully applied
to polymeric materials to extract their birefringence with a careful calibration of the measured PS
data [24].

2.3.2. Polarization-Sensitive Air-Biased Coherent Detection

The utilization of ionizing gases for terahertz pulse generation and detection is suitable for
broadband THz-TDS measurements because this technique does not suffer from any phonon
absorption, which usually occurs in the solid-state terahertz generator and detector [59]. Lii et al.
employed an orientation-modulated bias field to coherently detect the amplitude and polarization of a
terahertz beam simultaneously [60]. Zhang pointed out that for an accurate polarization determination
of the terahertz waves using this method, it is important to take into account the effect of the air plasma
birefringence [61].
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2.4. Polarization Imaging

Terahertz polarization imaging was applied in 1997 by Mittleman et al. to the imaging of
the carrier density and Hall mobility of doped semiconductor wafers by measuring the terahertz
magnetoconductivity tensor of the sample [7]. In their setup, they used a polarizing terahertz beam
splitter to divide the E-field transients into two E-field transients with mutually orthogonal polarization
which were simultaneously measured by using two detectors. The sample was scanned by a pair of
translation stages. Van der Valk et al. constructed a terahertz polarization imaging system based on
the EO sampling method and recorded the PS scattering images of a coin [25]. They simultaneously
measured the two orthogonal E-field transients by utilizing the polarization-dependent sensitivity of
the EO effect. Terahertz polarization imaging has been employed for observing the sharp edge of a
sample [26] and birefringence [27]. To realize fast terahertz polarization imaging, several techniques
based on a combination of a CCD camera with the EO sampling method have been reported [28,62].
Takai et al. achieved the standard deviation of 3.5 deg (~60 mrad) for the terahertz E-field direction at
each pixel of the CCD within a measurement time of 21 ms [62].

Finally, we summarize Section 2 by comparing several terahertz polarization detection techniques
introduced in this section. In the rotating polarizer method, simple implementation of the PS THz-TDS
and simple analysis of the measured data are possible. The extinction ratio of the wire-grid polarizer is
relatively high, and the effect of the finite extinction ratio can be eliminated by the numerical analysis in
the rotating polarizer method. On the other hand, it is difficult to realize the extremely high frequency
bandwidth of the PS THz-TDS in this method, because the frequency bandwidth of the wire-grid
polarizer is limited. The polarization detection by rotating the EO crystal has an advantage that
the frequency bandwidth of the measurement is only restricted by the bandwidth of the EO crystal,
where the velocity-matching condition is well satisfied. Recently, the EO sampling in the near-infrared
frequency range was reported [63], and thus the PS THz-TDS in the near-infrared frequency range is
potentially available. The polarization detection by using the PS antenna and PS air-biased coherent
detection has lower extinction ratio compared to the rotating polarizer method, while they have the
advantages that the real-time polarization measurement is possible, and the frequency bandwidth of
the measurement is broad [64]. It is reported that the bandwidth of the PS antenna can increase up
to 190 THz [65]. Each technique has its own advantage and it is important to choose the appropriate
technique depending on certain application.

3. Applications of Terahertz Polarization Imaging

In Chapter 2, I reviewed several technologies that are essential for fast and precise determination
of the E-field vector or the polarization of the terahertz pulses. Such advanced techniques are
very important to obtain a terahertz polarization image with good precision within a practicable
measurement time. Owing to recent advances, various interesting terahertz polarization imaging
results have been reported [7,23-26,28]. In this chapter, I summarize our recent activities regarding
applied terahertz polarization imaging.

3.1. High-Resolution Topography

The PS THz-TDS based on the polarization modulation technique provides very precise
information on the temporal information of the E-field vector of the propagating terahertz waves. For
certain imaging applications, the E-field vector angle can provide information that is more stable and
precise than the information provided by the absolute value of the E-field. Reference [66] is an example
that utilizes the polarization information of the terahertz waves to retrieve precise information on the
surface topography (high-resolution T-ray topography).

Figure 1 shows the concept of the high-resolution T-ray topography measurement which utilizes
the PS THz-TDS in reflection mode (i.e., it measured the polarization information of the terahertz waves
reflected from the sample). Here, we illuminate the sample by an elliptically-polarized terahertz pulse
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whose E-field direction performs one complete rotation within a single optical cycle of the terahertz
pulse. The reflected terahertz pulse that has arrived at the detector is probed by the spinning EO
sensor method [50] to precisely determine the magnitude and angle of the E-field vector. Because the
measured angle of the terahertz E-field depends on the traveling time of the terahertz pulse, the angle
contains the height information or topography information of the sample.

Figure 1. Schematic of the T-ray topography which utilizes the polarization information of the terahertz
waves. “S” represents the sample and “D” represents the spinning EO sensor to detect the magnitude
and direction of the terahertz E-field. (Reprinted with permission from reference [66], Optical Society
of America.)

Figure 2 shows an actual T-ray topography image [66]. A photograph of the sample (a machined
aluminum board including our university emblem) is shown in Figure 2a. The depth of the emblem
on the board is about 17 um, measured by a digital height gauge. The topography extracted from
the PS THz-TDS data is shown by the map in Figure 2b. Figure 2c plots the cross-section of the
topography data along the white line in Figure 2b. Obviously, the PS THz-TDS measurement is able to
quantitatively trace the height profile of the sample with an axial resolution (~1 um) much better than
the wavelength of the terahertz pulse.

(@) (b) (c)
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Figure 2. (a) Photograph of the sample. The numbers indicate the relative heights at the three positions
marked with the dots; (b) topographic map as measured by the PS THz-TDS system developed for the
T-ray topography; (c) cross-section of the topography data along the white line in (b). (Reprinted with
permission from reference [66], Optical Society of America.).

In our system, the axial resolution of the topographic image is about A/1000 where A is the center
wavelength of the terahertz pulse (~600 pm). Please note that the axial resolution smaller than 1 pm
is easily achieved by the terahertz pulse with relatively low spectral bandwidth (<1 THz). This is in
stark contrast to the regular THz-TDS topography and tomography system where the terahertz pulse
with much broader bandwidth with sharp terahertz E-field pulse structure is required to improve the
comparable axial resolution [67]. The extremely high axial resolution utilizing PS THz-TDS is due to
the precise determination of the E-field angle of the elliptically polarized terahertz pulse within the
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single cycle of the terahertz pulse, that is, the direction of the E-field is changing by 360 deg within a
single optical cycle while the determined E-field vector direction has an accuracy of about 1.8 deg.

It is interesting to note that the topography image obtained by the PS THz-TDS utilizing the E-field
vector angle information is much more stable than the image obtained by utilizing the magnitude
information within the single cycle of the reflected terahertz E-field [68]. This might be a result of a very
sensitive magnitude of the terahertz E-field with respect to slight inclinations of the surface or surface
roughness of the sample in the reflection geometry, while the polarization information stays rather
unaffected. In addition, the polarization modulation technique is insensitive to amplitude fluctuations
of the terahertz signal which originate from the power fluctuation of the femtosecond laser pulses used
to generate the terahertz radiation. Figure 3 shows the experimental results that verify the stability of
the terahertz polarization measurement using the spinning EO sensor method [50]. In this experiment,
we intentionally modulate the power of the laser pulse to demonstrate the negligible influence of
the terahertz E-field magnitude fluctuations. Even though we periodically change the magnitude of
the terahertz pulse (Figure 3a), the measured polarization direction is hardly influenced (Figure 3b).
The robustness of the terahertz polarization measurement that implements the modulation technique
could play an important role for experiments that require very stable polarization information such as
the high-resolution T-ray topography.

0 5 10 15 20 25 30 35 40
Time (sec.)

Time (sec.)

Figure 3. Stability of the extracted polarization direction when using the spinning EO sensor method.
(a) Time chart of the intentionally modulated magnitude of the terahertz E-field (normalized by the
maximum value); (b) Time chart of the measured angle of the E-field vector, v, relative to its mean
value 7. (Reprinted from reference [50] with the permission of AIP Publishing.).

3.2. Visualization of Spatio-Temporal Variation of the E-Field Vector of the Focused Terahertz Beam

In THz-TDS measurement systems, researchers usually use 90° off-axis parabolic mirrors to
focus the terahertz pulses on the sample and the detector. In order to perform a quantitative
terahertz polarization spectroscopy, the precise knowledge of the spatial E-field vector distribution (or
polarization distribution) at the focal plane is vital. In particular, we have to elucidate what happens
when we focus a linearly polarized terahertz pulse by an off-axis parabolic mirror. Is the focused beam
still linearly polarized? To answer this question, we constructed a terahertz E-field vector imaging
system using a CCD camera [62] and investigated the spatial E-field vector distribution at the focal
plane. We observed an unusual E-field vector distribution and successfully explained the experimental
results by a rigorous calculation as outlined below [69,70].
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Figure 4 shows the experimental setup of the terahertz E-field vector imaging system [62]. Here,
we use a titanium-sapphire regenerative amplified laser system (with a repetition rate of 1.042 kHz
and an average power of 570 mW) for both the terahertz pulse generation and detection. The terahertz
pulse is generated by optical rectification in the LiNbOj crystal by using the tilted-pump-pulse-front
method [71]. The generated terahertz pulse is almost collimated at the surface of the LiNbO; crystal [72].
This pulse is focused by the first off-axis parabolic mirror (PM1) and collimated again by the second
off-axis parabolic mirror (PM2). The collimated terahertz pulse passes through the wire-grid polarizer
(WG) with a transmission axis parallel to the Y-axis, and thus becomes linearly polarized along
the Y-direction. Finally, the terahertz beam is focused on a <110>-oriented ZnTe crystal by the
third off-axis parabolic mirror (PM3) with a diameter and reflected focal length equal to 2 inches.
The spatio-temporal profile of the focused terahertz E-field vector is measured by the spinning-EO
sensor method; a collimated linearly polarized probe pulse (right-hand side of the figure) first passes
through the Glan-Thompson prism (GT1) and then through the ZnTe crystal which is mechanically
rotated. The polarization-rotation image of the probe pulse on the ZnTe crystal is analyzed by
measuring a certain polarization component (defined by the quarter waveplate denoted as A/4 in the
figure and the second Glan-Thompson prism GT2) by a CCD camera. After the temporal profile of the
E-field vector has been obtained at each pixel of the CCD camera, we perform the Fourier transform of
the temporal profile of the E-field vector data at each pixel and extract a single frequency component.

4

Black
. . pmz  paer | Jem
g -
es = .
(110) ZnTe Delay line
M2 PM1 m—— Y/
] [ | Jer2
ND filter
# G
—— Chopper
Pump beam Probe beam

Figure 4. Experimental setup of the terahertz E-field vector imaging system. (Adapted from reference [62]
with the permission of AIP Publishing.)

Figure 5 shows the experimental results [70]. Figure 5a plots the time evolution of the Y-polarized
E-field at the focus of the parabolic mirror for the frequency component 0.75 THz. We analyze the
spatio-temporal behavior of the pulse by considering the four instants of time corresponding to the
time where the E-field is maximum (t = t1), minimum (¢t = t3), and zero (tf = t, and ) at the focus.
Figure 5b—e shows the spatial profile of the E-field vector in the focal plane at these four specific
times. The focus lies at X = Y = 0. Figure 5b,d reveals that for times when the E-field is maximum
(minimum), all E-field vectors point upwards (downwards). This result is expected because we focused
a Y-polarized terahertz pulse with polarization along the vertical direction. The unexpected result is
obtained at times when the E-field is zero at the focus (f = t, and t4); we find that the E-field around
the focus is not zero but rotating around the focus anticlockwise (Figure 5¢) and clockwise (Figure 5e).
The strength of the rotating E-field at t = ¢, and t4 is not so small; it is about one tenth of the strength of
the maximum E-field at the focus [69].
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(a)
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E,/E

Figure 5. (a) Temporal waveform of the terahertz pulse at the focus for the 0.75 THz component. (b—e)
Experimental results of the spatial distribution of the terahertz E-field vector at different times. For
easy comparison, the lengths of the arrows in (c,e) are magnified by a factor of 2.5. (Adapted from
reference [70]. Copyright (2016), Applied Physics Express.).

We performed a rigorous calculation to explain these experimental results and obtained a
formulation of the clockwise and anticlockwise rotating E-field vector at times when the E-field
is zero at the focus. Using this theoretical result, we can calculate the ratio of the rotating E-field
strength (at t = t, and f4) at positions where the distance from the focal point is half of the wavelength
to the maximum E-field strength (at ¢t = t; and t3) at focus, resulting in [69];

12

1672 W

where ] is the radius of the parabolic mirror and f is the focal length of the parabolic mirror where the
reflected focal length is twice the focal length. In our experimental condition in Figure 4, | and f are
both 1 inch. Therefore, the predicted ratio is ~0.2, which is on the same order as the experimentally
observed ratio of about 0.1. The slight difference may come from the fact that the collimated terahertz
pulse did not cover the entire surface region of the parabolic mirror (PM3 in Figure 4), that is, we used
a smaller value for [.

The rotating E-field vector at t = t; and t4 implies that the focused terahertz pulse is not linearly
polarized but elliptically polarized in the focal plane except at the focus (X = Y = 0). At some positions
in the focal plane, we even observed almost complete circular polarization [70]. Our experimental and
theoretical investigations provide important suggestions for reliable quantitative terahertz polarization
measurements using off-axis parabolic mirrors.

e  The sample and the detector should be placed at the focus, because the polarization of the focused
terahertz pulse is maintained at the focus only.

e  The strength of the complicated rotating E-field can be significantly reduced if we increase the
focal length (f) or decrease the radius (/) of the off-axis parabolic mirror as shown by Equation
1. For example, when we use a 90° off-axis parabolic mirror with a diameter of 2 inches and
a 4-inch reflected focal length for focusing, then the magnitude of the rotating E-field at t = t;
and t4 is about 5% of the maximum E-field (observed at t = t; and t3) at the focus. In such a
way, the influence of the polarization change induced by focusing with a parabolic mirror can
be controlled.

The above guidelines may be useful for quantitative terahertz polarization experiments.
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3.3. Visualization of Anisotropy and Strain in Black Rubbers

Probing birefringence is one of the most important applications of terahertz polarization
spectroscopy to study the anisotropy of materials (for a comprehensive review, please refer to
reference [73]). The study of birefringence in the terahertz regime is especially important for polymeric
materials. One of the reasons is that many polymeric materials are optically opaque in the visible
and near-infrared spectral regions, but are sufficiently transparent for terahertz waves, which allows
us to investigate the internal condition of polymeric products. Another reason is that polymeric
materials are sometimes in an amorphous phase, and investigation of the molecular orientation of
polymeric chains in an amorphous phase by X-ray diffraction measurements is difficult. Therefore,
terahertz polarization spectroscopy provides a unique solution to investigate the structural anisotropy
of polymeric materials. There are a few reports that have investigated the terahertz optical anisotropy
and birefringence of polymeric materials [24,74-82]. Katletz reported the terahertz birefringence
imaging of glass-fiber-reinforced plastic samples. This pioneering work succeeded in visualizing the
preferred alignment of the glass fibers which occurs during the injection molding process [24].

We performed the terahertz birefringence imaging of a black rubber sample. Black rubber with
conductive carbon black fillers is a very common polymer type, widely used as tires, seismic dumpers,
and so on. To ensure product quality and safety, it is important to nondestructively inspect the internal
strain or cracks in black rubber products. However, like many other polymeric materials, black rubber
is optically opaque and amorphous. Therefore, its internal anisotropy is difficult to probe by both
optical birefringence experiments and X-ray diffraction experiments. On the other hand, the terahertz
polarization spectroscopy is a promising technology that provides an effective way to investigate the
internal anisotropy of black rubber samples [83]. An interesting aspect of the investigation of the
rubber samples is that they provide a unique opportunity for artificially changing the birefringence by
simply stretching the sample.

We found that the birefringence in the terahertz frequency regime of the black rubber is large
because of the anisotropic conductivity of the sample, which is a result of the anisotropic alignment of
the carbon black aggregates [38]. This anisotropic alignment can be easily controlled by stretching of
the sample, and therefore, the anisotropy of the conductivity can be modified [84] and the birefringence
largely changes. This connection allows us to estimate the internal strain of a stretched black rubber
sample by terahertz polarization imaging [83]. In the following, we summarize our results on the
spatial distribution of optical anisotropy and internal strain in a stretched black rubber sample.
A detailed review on the terahertz polarization spectroscopy of black rubber samples will be published
elsewhere [85].

We constructed a terahertz polarization imaging system with the rotating polarizer method where
the degree of birefringence (An) and the angle of the slow optic axis (¢) of the black rubber sample can
be measured. The thickness of the sample (direction along the z-axis) was 1 mm, and the lengths of the
short (-) and long (x-) axes of the sample were 20 and 50 mm, respectively. We stretched the sample
along the x-direction with a draw ratio (DR) of 1.36, which means that the length became 136% of the
length under the unstretched condition. Figure 6a,b shows the experimentally obtained spatial maps
of An and 6. From Figure 6a, we find that the An at the edge (/x| > 15 mm) is smaller than that at the
center (around x = 0 mm) of the sample, indicating that the in-plane strain is smaller at the edges of
the sample. In addition, 6 is almost zero at the center, indicating that the carbon black aggregates in
this region have aligned along the x-direction due to the stretching.
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Figure 6. Spatial mapping of (a) the degree of birefringence and (b) the angle of the slow optic axis
of a stretched black rubber sample. The draw ratio is 1.36. (Reprinted from reference [83] used in
accordance with the Creative Commons Attribution (CC BY) license.).

We can evaluate the internal strain of the black rubber sample from the PS THz-TDS data.
The strain tensor can be written as

é= exy &y 0 , )
0 0 &y

where €.y, Eyy, and Exy are the in-plane strain tensor components and ¢, is the out-of-plane strain
tensor component determined by the thickness change of the sample due to the stretching. Thickness is
determined by minimizing the frequency-dependent oscillations in the complex index of refraction as
originally reported by Dorney et al. [86]. The spatial variations of the in-plane strain tensor components
are estimated from that of An and 6 determined in Figure 6 with the aid of Monte Carlo simulations.
The latter assumes many carbon black aggregates with elongated shape in the rubber matrix and
accounts for the fact that the local strain modifies their orientations [83]. Figure 7 shows the spatial
mapping of each strain tensor component of the stretched black rubber sample. A spatial variation in
the strain tensor components is clearly observed. In particular, ¢y, is small at the edge when compared
to the values observed at the center of the sample, indicating that the strain in the y-direction is
suppressed at the edges. Indeed, since we used a pair of clamps that fixed the left and right edges of
the sample, the shrinking of these regions in the y-direction is inhibited. In addition, we observe an
asymmetric spatial distribution of €y, which may be a result from an asymmetric clamping condition.
We emphasize that PS THz-TDS enables a nondestructive evaluation of the internal strain of black
rubber samples without any preprocessing, which is useful for practical applications.
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Figure 7. Spatial mapping of the four components of the strain tensor of a stretched black rubber
sample evaluated by the PS THz-TDS measurements. (a) Strain tensor component ¢z; (b) exx; (¢) eyy;
and (d) exy. The draw ratio is 1.36. (Reprinted from reference [83] used in accordance with the Creative
Commons Attribution (CC BY) license.).

4. Summary

In this review article, I summarize recent research activities regarding terahertz polarization
imaging. Important application examples are high-resolution topography, spatial E-field vector
mapping of the focused terahertz beam by an off-axis parabolic mirror, and internal strain mapping
of black rubber products. With the aid of the polarization modulation spectroscopy, the speed and
precision of the terahertz polarization measurements have been dramatically improved and, therefore,
the terahertz polarization imaging can be executed in a reasonable time. I presented a few examples
of terahertz polarization imaging that may motivate the reader to perform novel terahertz imaging
experiments where the E-field vector or polarization information of the terahertz waves plays a crucial
role. In fact, for some applications, such as birefringent imaging, a low-cost incoherent terahertz
wave generation and detection system are sufficient, that is, phase-resolved terahertz measurements
using THz-TDS are not always imperative. Recently, polarization-sensitive terahertz imaging arrays
using semiconductor devices have become feasible [87], which is important to implement the terahertz
polarization imaging in industrial applications. I believe that the terahertz polarization imaging will
become a useful tool for researchers concerned with fundamental and industrial applications.
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