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Abstract In the last few years, various studies on terahertz (THz) birefringence have been
presented, based on polarization-sensitive THz time-domain spectroscopy. The field of THz
birefringence is a wide one covering several aspects, such as different materials exhibiting
THz birefringence, polarization-sensitive THz technology, as well as numerous methods for
extracting the birefringence properties of a sample from the THz data. Therefore, this paper
aims at reviewing recent results on THz birefringence measurements presented in literature,
addressing the above aspects and giving an overview of the topic. Moreover, it will focus on
the investigation of birefringent fibrous samples, where specific results will be discussed in
detail. Altogether, this paper should give a comprehensive view on the recent achievements
in the measurements of THz birefringence.
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1 Introduction

Birefringence is a well-known phenomenon at optical frequencies, but is also observed for
various materials in the THz spectral range. Numerous studies have been performed where
THz birefringence measurements were conducted for the characterization of a sample,
giving insight into its anisotropic material properties. In this paper, advances in birefringence
studies at THz frequencies will be reviewed, based on polarization-sensitive (PS) THz time-
domain spectroscopy (TDS). The reader is assumed to be familiar with the principles of
THz-TDS or can refer to, e.g., [1]. Starting with a short general introduction to birefringence
and its measurement in Chap. 2, an arc will be spanned from materials that were found to be
birefringent for THz waves (Chap. 3), over the techniques used in PS-THz-TDS (Chap. 4),
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to several aspects in recent advances in THz birefringence studies (Chap. 5). Chapter 5.4 will
especially focus on the investigation of birefringent fibrous materials by PS-THz-TDS,
where in particular the three works given in [2–4] will be reviewed in detail. With no claim
to completeness, this paper should give a comprehensive view of the field of THz birefrin-
gence measurements, also providing insight into its potential for material characterization.
Another wide and prosperous field is PS-THz imaging, where numerous advances have been
made in the last few years (see, e.g., [4–10]). Although the one or other aspect will be
addressed marginally in the course of this paper, PS-THz imaging is not in its main focus and
is worth being reviewed elsewhere. Another topic of its own relying on PS-THz techniques
is THz ellipsometry (e.g., [11–14]), which will also not be addressed in this paper, however,
clearly deserves close attention for material characterization.

2 Birefringence

Birefringence arises from electrically anisotropic properties of a material. The probably best
known example for birefringence at optical frequencies is the double images obtained by a
calcite crystal, first described by the Danish scientist Bartholin in 1669 [15]. Also intrinsi-
cally isotropic materials can show birefringent properties when anisotropy is induced, such
as by mechanical deformation, also referred to as stress birefringence (e.g., [16]), by an
electrical field due to the Pockels [17] or the electro-optic Kerr effect [18], or by the
alignment of polar molecules. The latter is exploited in liquid crystals (e.g. [19]), which
are widely used, such as for optical displays. In addition, form birefringence can arise from
anisotropies due to aligned sub-wavelength structures of isotropic material (e.g., [20]).

Birefringent materials exhibit a refractive index that depends on the polarization and
propagation direction of the probing light. Considering a uniaxially birefringent material, a
ray incident at an arbitrary angle with regard to the optical axis is split into two linearly
polarized rays: the ordinary ray, which obeys Snellius’ law and which travels with the same
velocity in every direction through the crystal according to a refractive index no, and the
extraordinary ray, travelling with a velocity dependent on the propagation direction,
according to a refractive index that lies in between ne and no. Here, ne and no denote the
refractive indices along the extraordinary and ordinary axis of the material, respectively, and
determine its birefringence Δn according to

Δn ¼ ne � no:

For ne > no one talks of positively, in the other case of negatively birefringent materials.
Figure 1 shows the refractive index ellipsoid of a positively birefringent material, where the
major and the minor axis are given by ne and no, respectively. OA denotes the direction of the
optical axis, oriented by an angle θ with respect to the horizontal.

Depending on the birefringence and thickness d of the material and the wavelength l of the
probing light, a phase shift Δφ is introduced between the ordinary and the extraordinary ray
according to

Δ8 ¼ 2p
l
dΔn:

This effect is commonly exploited for the fabrication of half or quarter wave plates
exhibiting phase shifts of π or π/2. As birefringence influences the polarization vector of an
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electromagnetic wave passing through the sample in a deterministic way, its measurement
can be used to extract information about material properties. Besides birefringence in terms
of linearly polarized radiation as considered in this paper, also optical activity is present in
many media, which is described by different refractive indices for left and right circularly
polarized light. The details are discussed elsewhere and can be found in common optics
textbooks.

Classically, birefringence is probed by various polarization optical methods, where the
effect of the sample on the polarization state of the probing light is investigated. One
established technique is photoelasticity (e.g., [21]), where transparent models of mechani-
cally stressed components are imaged by polarized light, and highly stressed regions become
visible. A more specialized method is ellipsometry (e.g., [22]). Commonly applied for the
determination of the complex dielectric properties of very thin or strongly absorbing layers,
generalized ellipsometry can also be used for measuring the birefringence of anisotropic
samples ([23]). The investigation of birefringence by visible light is limited to optically
transparent samples. For semi-transparent materials, so-called optical coherence tomography
(OCT) was developed [24], allowing contactless depth-resolved imaging of internal struc-
tures using light in the near infrared (NIR). Although mainly used for biomedical applica-
tions, it has also found its way to the field of non-destructive testing, where numerous
applications have been reported [25]. Its polarization-sensitive variant PS-OCT [26, 27] is
capable of depth-resolved monitoring of birefringence in turbid samples [28, 29]. However,
when materials are opaque for visible or NIR light, all these techniques fail, and the
investigation of birefringence by contactless and non-destructive methods becomes a chal-
lenge. X-ray diffraction (XRD) can be employed for measuring the anisotropy of crystals,
and even the birefringence of the crystalline phase can be deduced [30]. However, the use of
ionizing radiation in general complicates its application. Thus, THz radiation seems to be
highly promising for the investigation of birefringence in anisotropic samples due to its large
penetration depth for many dielectric materials [31–33] and its non-ionizing properties.

3 Birefringence at THz Frequencies

Birefringence effects at THz frequencies have been reported for various materials. Different
crystals, such as quartz [31], sapphire [31, 34], lithium niobate (LiNbO3) [34–36], rutile [2],
β-BaB2O4 (BBO) [37, 38], zinc oxide [39], the explosive 1,3,5-trinitro-S-triazine (RDX)
[40], but also the organic crystal dimethyl amino 4-N-methylstilbazolium tosylate (DAST)

Fig. 1 Refractive index ellipsoid of a uniaxial, positively birefringent material
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[41] or molecular oxalic acid crystals [42] have shown to exhibit THz birefringence. For
LiNbO3, very high values of Δn up to 1.78 at 1 THz were found [34], and even higher
values of 3.3 at 1 THz were observed for rutile [2]. For liquid crystals (LC), birefringence
due to the alignment of the molecular chains was reported for pure materials [43–47] as well
as for mixtures [45, 48–52], and also for a fiber-reinforced LC polymer component [6]. In
this case, birefringence was also assigned to the orientation of the LC molecules and not to
the alignment of the embedded fibers. The highest values of Δn above 0.3 were found for
the LC mixture 1852 [51] and for a fluorinated phenyl-tolane based nematic mixture [52].
For mechanically strained samples, only few studies on THz stress birefringence exist so far,
such as for polytetrafluoroethylene (Teflon®), where in addition the stress optical coefficient
was measured [53], or for deformed or externally stressed polyethylene, where anisotropic
material properties were proven [54, 55].

Furthermore, materials containing sub-wavelength structures were shown to exhibit THz
birefringence. One highly topical field are metamaterials, where sub-wavelength metallic
structures embedded in a dielectric material allow tailoring of dielectric properties. Strong
birefringence in metamaterials has been simulated and/or experimentally proven for struc-
tures such as a cross-like geometry [56], split-ring and meander line designs [57], or for a cut
wire pair [58]. Form birefringence was observed in alternatingly stacked structures of two
different dielectric materials with sub-wavelength thickness, corresponding to one-
dimensional photonic crystals, such as two different polymers [59], silicon and air [60],
but also for stacks of paper with air gaps in between [61]. Analogously, birefringence was
reported for asymmetric hollow-core and polymer fibers [62, 63]. Furthermore, polymers
reinforced by aligned glass fibers were found to be birefringent [3, 4, 64] due to the
embedded fibers representing sub-wavelength structures along one direction with regard to
the relatively large THz wavelengths in the 100 μm range. Moreover, THz birefringence was
observed for textiles [53], a Yucca plant leaf [2], different types of wood [65, 66], but also
for paper [53, 65, 67], which exhibits a preferential orientation of the cellulose fibers due to
the production process. In particular for wood it was demonstrated that the observed
birefringence exhibits contributions not only from form birefringence but also from intrinsic
birefringence due to the crystalline structure and microfibril angles of the wood fibers [66].

This large variety of examples emphasizes the significance of birefringence studies at
THz frequencies. On the one hand, materials can be characterized with regard to their use for
THz quasi-optical polarization devices. As an example, quartz plates [68], metamaterials
[56, 58, 69], liquid crystals [70], but also paper [61] and wood [65] have been proposed and
employed for the fabrication of monochromatic and, in the case of quartz, also achromatic
THz wave plates. Moreover, especially when samples are opaque for visible or NIR light,
valuable information about anisotropic material properties can be obtained, which are hard
to get with other non-destructive methods. Besides birefringence (corresponding to the
“magnitude” of anisotropy), the orientation of the optical axis (giving the preferential
direction of anisotropy) is of special interest. Therefore, in the following chapters an
overview of the experimental conditions for PS-THz-TDS required for the determination
of birefringence will be given, and a closer look on the methods will be taken that allow an
extraction of birefringence and the optical axis from the measured data.

4 Polarization-Sensitive THz Measurements

For the determination of THz birefringence based on polarization-sensitive TDS measure-
ments, the resulting polarization state of a THz wave with known polarization is analyzed
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after probing the sample. Therefore, the generation of THz radiation with defined polariza-
tion and PS detection selective for a single polarization component of the THz wave is
required. In nearly all studies reported in literature, linearly polarized THz waves were used
for birefringence measurements. Thus, the techniques for THz generation and detection
commonly applied in THz-TDS, such as optical rectification, electro-optical (EO) sampling
or the use of photoconductive antennas (PCAs) (as discussed in more detail below), are per-
se well suited as they are intrinsically correlated with the emission and detection of a
preferential polarization direction [71–74]. A current field of research is THz generation
by two-color mixing in air plasmas using amplified femtosecond (fs) laser systems. It was
demonstrated that the emitted THz pulses are linearly polarized, and their polarization can be
continuously rotated by changing the relative phase of the two-color fields [75, 76]. With
regard to PCAs, THz waves emitted by two-contact electrode structures, such as dipole-,
stripline- or bow-tie geometries, exhibit a preferential polarization direction, but were shown
also to have a slight cross-polarization component. For PCA dipole and bow-tie structures
with attached substrate lens, an ellipticity of the emitted THz radiation was found in the
range of a few percent of the main polarization component [77, 78]. This property appeared
to be a general characteristic of these lens-coupled systems [78]. When two-contact PCAs
are used for PS detection, they are subject to the same restrictions as for THz generation.
Although they predominantly detect a main polarization component, they also showed a
frequency dependent sensitivity to cross-polarization, thus exhibiting a non-ideal polariza-
tion response [79, 80].

The characterization of the polarization state of a THz wave implies the knowledge of
two (ideally orthogonal) polarization components. If only a single polarization component of
the THz electric field is measured at once, the polarization components have to be recorded
sequentially. In [81], a wire-grid polarizer was rotated after the sample to selectively measure
the horizontal and vertical THz electric field components, respectively, not giving any details
about the detection principle. Alternatively, the polarization sensitivity of the EO effect was
directly exploited: by an appropriate rotation of the crystallographic axes of an EO (110)
ZnTe detection crystal, only the desired polarization component produced a signal [82, 83].
A rotation of the detector can also be implemented with PCAs, where the use of fiber-
coupled antennas facilitates this procedure [84]. Nevertheless, these sequential measure-
ments can be prone to alignment errors, are time-consuming and are therefore less suited,
e.g., for applications where large areas are investigated. This problem was overcome in a
recent work [85], where a technique based on the fast mechanical rotation of an EO (110)
crystal and lock-in detection was introduced, allowing for a fast and precise determination of
the polarization direction of a THz wave. Thus, rotating the EO detector becomes suitable
also for polarization imaging applications, as the authors proved in [86], where the method
was applied for topographic measurements with extremely high axial resolution.

Alternatively, a simultaneous detection of two polarization components seems to be
advantageous, circumventing any potential problems of sequential measurements. One
approach for simultaneously measuring two polarization components is to split the THz
beam after probing the sample, and to measure the polarization components by two separate
detectors, requiring an additional splitting of the fs-laser beam. This technique was already
pursued in an early demonstration of PS-THz-TDS, using two independent PCAs oriented
by 90° to each other [87]. Also the use of two separate EO detection systems was reported in
[88], however, no information on the orientation of the used ZnTe crystals was given. In both
cases, a wire-grid was employed as a THz polarizing beam splitter for separation of the
polarization components. In [5], a modified approach with a (111) ZnTe crystal was shown,
where splitting of the THz beam was waived, and two orthogonal polarization components
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were detected sequentially by rotating a half wave plate in the path of the fs-probe beam. A
simultaneous measurement was proposed by adding a second detection arm into the setup. A
rather elegant approach for the simultaneous detection of different polarization components
is the use of multi-contact PCAs, which comes without an additional splitting of the THz-
and the fs-laser beam. Different geometries of the electrodes were investigated, such as
three-contact structures with orthogonal gaps [89, 90] or with tips arranged under an angle of
120° [91], as well as four-contact antennas with a single gap [92]. When multi-contact
antennas are used, artifacts such as a cross-polarization response between the gaps can
influence the detected THz signal [4, 91, 92], and a careful alignment is necessary for
obtaining a good PS-detection performance [4, 90].

In practice, metallic wire-grid THz polarizers with sub-wavelength period are widely used
after the emitter or in front of the detector for cleaning up any cross-polarization components or
for adjusting the polarization direction. It is noted that these wire-grid polarizers can influence
the properties of the transmitted THz wave. First, their extinction ratios can be relatively low in
the THz region (e.g., values of 8:1 for the electric field amplitude or about 60:1 for the power
were reported in [93], or about 20:1 at 400 GHz were found in [88]) compared to commercially
available filters in the infrared or visible spectral range, thus not perfectly eliminating cross-
polarization. Second, the wire-grids effect a first order time-differentiation of the s-polarization
component parallel to the wires, i.e., in blocking direction, resembling a negative phase shift of
the transmitted s-polarized leakage signal [94].

5 Measurement of THz Birefringence

5.1 Known Orientation of the Optical Axis

As discussed in Chap. 3, the investigation of birefringence in the THz spectral range is a
wide field with numerous applications. In literature, in many cases birefringence was
determined for samples with known orientation of the optical axis, such as for crystals
[35, 36, 38], LCs [43–52] or form birefringent samples [59–61]. Theoretical considerations
on how to choose appropriate Jones vectors for data analysis based on previous knowledge
of the investigated sample and the detection geometry were presented in [95], underlined by
experimental data for a birefringent quartz crystal. In practice, however, the ordinary and
extraordinary rays can easily be measured and the respective refractive indices can directly
be calculated from the time-domain signals if an adequate orientation of the linear polari-
zation of the probing THz wave, the optical axis and the detection axis is chosen. In the
simplest case, the polarization of the THz pulse and the single detection axis are parallel. The
ordinary and extraordinary refractive indices are obtained from two separate measurements
where the sample is rotated in between, once with the ordinary and the other time with the
extraordinary axis of the sample aligned parallel to the polarization of the incident THz field.
An example is shown in Fig. 2 [49], where a sample cell with the LC nematic mixture
BL037 was measured for the two different orientations. In that case, the preferential
direction of the sample was defined by the orientation of the molecular chains. From the
time-domain data, the frequency dependent values of no and ne, and thus Δn were directly
calculated.

This procedure is straightforward and, in its simplicity, provides a valuable tool for
measuring the birefringence of materials with known optical axis. However, its
applicability is limited when samples with unknown orientation of the optical axis
are investigated.
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5.2 Determination of the Orientation of the Optical Axis

As discussed above, knowledge of the orientation of the optical axis facilitates material analysis
due to the simple measurement of Δn. Moreover, the optical axis itself is an interesting
parameter for birefringent materials, as it provides information on the direction of anisotropy,
such as the alignment of molecular chains or fibers, or the direction of stress inside a material.
One frequently pursued approach for the determination of the optical axis is the measurement at
different azimuthal angles by rotating the sample. Examples are given, e.g., in [34, 39–42],
where the sample was rotated stepwise and a single polarization component was detected at
each angular position. The extremes of the resulting time-domain curves as a function of the
rotation angle allow an identification of the orientation of the optical axis, and the correspond-
ing time-domain signals can be used for a direct evaluation ofΔn [34, 39] analogous to Chap.
5.1. An example is shown in Fig. 3 [34], where the time-domainwaveforms transmitted through
a LiNbO3 crystal for varying azimuthal angle are shown.

Fig. 2 PS-THz spectroscopy of the LC nematic mixture BL037. (a) Reference THz pulse and signals along
ordinary and extraordinary axis. (b) Ordinary and extraordinary refractive indices, calculated from the data in
(a) (Reprinted from [49], with permission from Elsevier)

Fig. 3 Transmitted THz time-do-
main waveforms measured for
varying azimuthal angle for a
LiNbO3 crystal (Reprinted from
[34], with permission from The
Optical Society OSA)
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In [53], a modified arrangement with cross-polarized emitter and detector and an addi-
tional double-polarizer after the sample was chosen. The optical (principal) axis was
determined as the azimuthal angle of the sample at which the cross-polarization component
reduced to zero. It is noticeable that due to the use of double-polarizers exhibiting a higher
extinction ratio than a single one, birefringence could be measured highly sensitive with
smallest values of Δn of 5*10−4. In [88], a simultaneous measurement of two orthogonal
polarization components Ex and Ey was performed. The orientation of the optical axis of a
LiNbO3 crystal was determined for a 45° orientation of the THz emitter, where the ratio of
Ey/Ex evaluated at a single frequency exhibited maxima when the THz polarization coin-
cided with the ordinary (o) or extraordinary (e) axis of the rotating sample. Also in [83], two
orthogonal polarization components were detected, in that case by rotating a (110) ZnTe
detection crystal by 90°. Maxima in the one and correspondingly minima in the other
polarization component of the peak spectral amplitude as a function of the azimuthal angle
were found for a quartz crystal sample when the e- or o-axis was aligned along the detection
axes. In addition, the authors presented equations based on Jones matrix formalism that
allow extracting the direction of the optical axis, but also the phase retardation for an
arbitrarily oriented sample. However, no further experimental evidence was given.

Rotating the sample can be tedious, especially when large and bulky samples are to be
measured. A method that goes without rotation of the sample was introduced in [96], based
on results of [97]. The presented system employed a two-color laser-induced gas plasma,
where the orientation of the produced THz radiation was rotated by the relative phase of the
two-color fields. In [97], a birefringent quartz crystal oriented by 45° was inserted as an
analyzer in front of an EO detector. A difference in the optical path lengths of the o- and e-
rays larger than the THz pulse width resulted in two separate peaks for the o- and e-
components of the time-domain signal. This arrangement was used to determine the
orientation of the THz beam incident on the quartz crystal by the ratio of the time-domain
maxima of the e- and o-components when the THz polarization was rotated. In [96], the
quartz analyzer was replaced by a birefringent sample with arbitrary orientation of the
optical axis. In a first step, the ellipticity of the transmitted THz wave was determined as
a function of frequency. Only frequencies where the THz wave was linearly polarized after
the sample were considered for the subsequent extraction of the optical axis. This was done
by rotating the polarization of the incident THz radiation, and the angles exhibiting minima
of the measured THz signal were used for the extraction of the direction of the optical axis.
Also here, the method was applicable only to samples with large birefringence leading to
double pulses of the e- and o-components. The described approaches were also extended for
THz polarization imaging [9, 10], where texture anisotropies of SOFI (an insulation poly-
urethane foam material) were imaged. As no rotation of the sample is required, this method
is less prone to errors due to re-alignment compared to the methods described at the
beginning of the chapter. However, it requires an analysis of the ellipticity for selecting
the frequencies that are relevant for the evaluation.

5.3 Characterization of the THz Polarization State

The birefringent properties of a sample can in principle be easily derived using suitable
models based on, e.g., Jones (e.g., [98]) or Stokes vector formalism (e.g., [99]). For the latter
the Mueller matrix contains all anisotropic information of the material under test (e.g.,
[100]). However, an application of these models for extracting the birefringence properties
of the sample from the measuring data requires detailed knowledge of the polarization state
of a THz wave, given by the main axes of the vibrational ellipsoid of the electric field and
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the phase difference between the polarization components. Exemplarily, a simple model
using Jones formalism for a THz wave transmitted through a birefringent sample is given by
the following equation:

eEx wð ÞeEy wð Þ
� �

¼ eT wð Þ�R θð Þ� eM wð Þ�R �θð Þ� eE0x wð ÞeE0y wð Þ
� �

:

eE0x;0y wð Þ and eEx;y wð Þ denote the complex THz signal in frequency space incident on and
measured after transmission through the sample, respectively. For horizontally or vertically
polarized THz radiation, the incident wave exhibits the simple directions (1,0) or (0,1),
respectively. The determination of these parameters requires the phase-resolved measure-

ment of the THz field components by THz-TDS. The matrix eT wð Þ describes the detection
properties of the THz system, which has to be determined by calibration measurements prior
to the investigation of the sample. It includes the detection behavior of the THz detector as
discussed, e.g., in [80, 91] and is assumed as complex in its general form. The unknown

material parameters are comprised by the Jones matrices R(θ) and eM wð Þ

R θð Þ ¼ cos θ � sin θ
sin θ cos θ

� �
; eM wð Þ ¼ ei8 0 wð Þ 0

0 ei8 0 wð ÞþΔ8 wð Þ

� �
:

eM wð Þ describes the birefringent properties of the investigated material, i.e., a common
phase shift φ0(w) and the difference in phase shift Δφ(w) between the ordinary and
extraordinary direction, representing the birefringence of the sample. R(θ) is the rotation
matrix, giving the rotation θ of the optical axis with regard to the coordinate system of the
measurement. Goal is the extraction of φ0(w),Δφ(w) and θ from the measuring data. From
the above equations it is obvious that a more precise measurement of the polarization states
of the incident and transmitted THz waves enables a more precise determination of the
anisotropic material parameters of the sample.

Several examples where the full characterization of the polarization state of a THz wave
was in the main focus of the work have been presented in literature. One is given in [101],
where a polarimetry approach was introduced for the characterization of an arbitrary
elliptically polarized THz wave, based on the use of a rotating polarizer and a fixed analyzer.
The authors showed that three measurements at different orientations of the polarizer are
required to determine the main axes of the vibrational ellipsoid and the phase shift, fully
characterizing the polarization state of the THz wave. The method was also applied to
measuring the frequency-dependent birefringence of a uniaxially birefringent crystal by
orienting its optical axis by 45° with regard to the horizontal. However, the results were
ambiguous, as phase shifts of ± π/4 between the polarization components could not be
distinguished, which was also a result of using only the measured electric field amplitudes in
the calculations.

By exploiting also the phase information, this drawback was removed and an unambig-
uous characterization of the THz polarization state was obtained by calculating the four
Stokes parameters in [102, 103]. The authors used a single rotating polarizer in front of a
two-contact PCA and derived the frequency-dependent Stokes parameters from measure-
ments at three [102] or two [103] angles of the polarizer, respectively, where for the latter
angles of -45° and 45° where shown to be ideal. Moreover, in [102] an approach for
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measuring the Mueller matrix was proposed by rotating the sample and performing
measurements at two azimuthal angles of the sample. A proof of principle was
performed by determining the Mueller matrix of a 5 mm thick quartz crystal at different
frequencies.

In a recent paper [104], a polarization modulation technique was presented for measuring
the Jones vector of a THz wave. A fast rotating polarizer was used for modulating the
polarization of the THz-pulse after transmission through a sample, and the vertical and
horizontal electric field components were measured simultaneously by the in-phase and out-
of-phase channels, respectively, of a lock-in amplifier. In a detailed mathematical analysis of
the problem in frequency space, also the non-idealities of a real setup, namely a possible
rotation of the THz-polarization by off-axis parabolic mirrors and the finite extinction ratio
of wire-gird polarizers were discussed. For sample characterization, one quantity of interest
is the rotation angle of the THz polarization introduced by the sample. The authors showed
that a very high precision better than 0.02° was achieved for the measured rotation angle. In
comparison, measurements with multi-contact THz antennas [89, 91] or static wire-grid
polarizers [80] were capable of angular precisions of 0.2 – 0.3°. The presented approach was
also used for determining the birefringence of a quartz crystal with the optical axis oriented
by 45° with regard to the horizontal. It was demonstrated that a single measurement
with the polarization modulation technique yielded the same information as three
measurements with static polarizers, in addition exhibiting improved accuracy and
precision of the results. Altogether, the accurate measurement of the THz polarization
state is still a challenging topic in the field of PS-THz-TDS, with promising results presented in
the above studies.

5.4 PS-THz Investigations of Fibrous Materials

Looking at the methods for THz birefringent measurements reviewed in the previous
chapters, well defined specimens such as quartz or other crystals were used for experimental
evidence. The remainder of this paper will focus on the investigation of samples with less
well defined anisotropic properties, namely fibrous materials that exhibit a preferential
orientation of the fibers. As will be discussed below, the orientation of the optical axis
(and also the degree of anisotropy) can vary over the sample. Consequently, the extraction of
the anisotropic material properties becomes more sophisticated and requires specialized
methods. In this context, especially the three works presented in [2–4] focusing on this
topic will be reviewed in more detail. But first, some general considerations about fibrous
materials will be given.

One important representative of fibrous materials are fiber reinforced polymers (RPs).
They consist of a polymer matrix out of mainly thermosets or thermoplasts, in which glass,
carbon or also natural fibers are embedded. The alignment of the fibers is intrinsic for the
mechanical properties of the composite material, such as its tensile strength (e.g., [105, 106]).
For injection molded short-fiber RPs the fiber orientation and fiber orientation distribution is
influenced, amongst others, by the flow pattern of the melt during the injection process - a
parameter that in general can vary over the sample. The orientation of the fibers is commonly
investigated destructively by microscopy of polished parts cut out of the sample. For glass-
fiber RPs, OCT (see Chap. 2) was shown to be suited for investigating the first few 100 μm
of the material [107], however, is limited for thicker samples. As the dimensions of the fibers
with some tens of microns are much larger than the applied NIR wavelengths in the range of
800 to 1550 nm, no form birefringence due to fiber alignment is observed with the polarization-
sensitive variant PS-OCT. However, as the single fibers are resolved [107], OCTcan be used as
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a kind of non-destructive depth-resolved microscopy for probing the orientation of the fibers in
surface-near layers. In contrast, the measurement of birefringence by PS-THz-TDS is a
potential tool for a non-destructive characterization of the fiber-orientation, as the dimensions
of the fibers are smaller than the THz wavelengths. PS-THz-TDS works also for thicker
samples, with high potential especially for glass and natural fibers. Oriented carbon fiber
(CF) reinforced materials were shown to be highly anisotropic, since the fibers are electrically
conducting while the epoxy matrix is not, with the penetration depth strongly depending on the
orientation of the fibers with regard to the THz polarization [108–110]. However, their
conductivity restricts the penetration depth of the THz waves. In [110], the skin depth of a
unidirectional CFRP with a transverse conductivity of 10 S/m was estimated to be as low as
200 μm at 1 THz and 500 μm at 0.1 THz for the electric field oriented normal to the fiber axis,
i.e., for the orientation with the highest penetration depth. Thus, the applicability of PS-THz
measurements to the birefringence analysis of CF reinforced materials is limited.

An early PS-THz study of fiber-reinforced materials was presented in [6], where a
fiber-reinforced LC polymer was investigated. THz birefringence was evaluated at a
selected sample position. By rotating the sample, the preferential orientation of the LC
molecules and fibers, and consequently Δn was determined. In addition, PS-THz
imaging was performed, where a qualitative statement on the fiber orientation but
no spatially resolved angular information was obtained. Furthermore, prove of bire-
fringence was obtained by a crossed polarizer/analyzer arrangement. Although in this
work no algorithm for a quantitative analysis was developed, clear evidence of the
birefringence of the fiber-reinforced materials was given.

Later on, a quantitative analysis of the angular information of the fiber-reinforced LC
polymer was conducted in [2]. Furthermore, the angular orientation of glass fibers in a RP
material was investigated in [3]. For both studies, a standard transmission TDS-system was
employed, where in addition a wire-grid polarizer between emitter and sample assured a
perfectly polarized THz beam. Three different approaches for the extraction of the angular
information of the fibers were performed, namely the calculation of the angular orientation from

1. the peak amplitudes of the transmitted THz signal
2. a least square approximation of the THz signal for a certain orientation angle
3. the refractive indices extracted for three different orientations of the sample.

The first approach (so called basic algorithm in [2]) is the simplest one and has some
limitations, as it can only be applied to linear non-dichroistic samples with medium
birefringence. Nevertheless, it is fast and easy to use, which is advantageous when working
with imaging data. If a sample has a difference in the optical path lengths for the o- and e-
wave larger than the THz pulse width, it leads to two distinguishable pulse maxima. Then,
the orientation angle θ of the incident THz pulse with regard to the optical axis can be
calculated according to

θ ¼ atan

ffiffiffiffiffibe1be2
s0@ 1A;

where be1 and be2 are the peak amplitudes of the first and the second maximum, respectively,
of the transmitted THz pulse corresponding to the o- and e-wave.

The second approach (so called advanced algorithm in [2]) avoids the limitations of the
first one. Yet, it requires either knowledge of the ordinary and extraordinary refractive
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indices or the separate measurement of both waves. The time-dependent THz signal e(t) for a
certain orientation angle θ can be written as

eðtÞ ¼ sin2 θð Þ � eoðtÞ þ cos2 θð Þ � eeðtÞ;
with

eoðtÞ ¼ eref ðtÞ � hoðtÞ

eeðtÞ ¼ eref ðtÞ � heðtÞ:
Here, eref (t) and h(t) denote the reference pulse and the pulse response of the sample,

respectively. A numerical optimization is performed for eerror(t)

eerrorðtÞ :¼ esimðtÞ � emeasðtÞ;
which gives the orientation angle θ from a comparison of the calculated (sim) and measured
(meas) THz signal.

In [2], results of this algorithm were presented for different sample materials. The most
interesting one is a fiber-reinforced LC polymer, which is used in a part of a helicopter stator
blade. A detailed description of the material can be found in [2]. Figure 4 shows the results
of the orientation analysis. In (a), the basic approach was employed for THz imaging data,
whereas in (b) the advanced approach was used to determine the angular orientation for the
marked positions in the photo. Both results are based on time-domain data and are therefore
not assigned to a specific THz frequency. The observed angles cover a range between 20°
and 70°, and the results of both approaches agree well.

The third approach presented in [3] does not require the knowledge or measurement of
the o- and e-refractive indices as necessary for the second one. Therefore, it is more flexible
to apply, however, three consecutive measurements at three different orientation angles of
the sample have to be made. Typically, the best results are obtained for angles of 0°, 45° and
90°, leading to three corresponding refractive indices n0°, n45° and n90°. These refractive
indices are effective parameters to evaluate the birefringence of the sample under test; the

Fig. 4 Orientation analysis based on time-domain data for a fiber-reinforced LC polymer: (a) THz image with
orientations obtained from basic approach and (b) photograph, where the numbers with crosses indicate the
orientations obtained from the advanced approach. (Reprinted from [2], with permission from The Optical
Society OSA)
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physically meaningful quantities are no and ne. Each refractive index can be written as a
function of the ordinary and extraordinary refractive index, considering an index ellipsoid
similar to the one in Fig. 1:

n0� ¼ ne � cos2 θð Þ þ no � sin2 θð Þ
n45� ¼ ne � cos2 θþ 45�ð Þ þ no � sin2 θþ 45�ð Þ
n90� ¼ ne � cos2 θþ 90�ð Þ þ no � sin2 θþ 90�ð Þ:

From these three equations, the unknown parameters ne, no and the orientation angle θ
can be derived. Furthermore, also the additive content as well as the degree of fiber
orientation in a glass fiber-reinforced plastic was calculated according to the model of Polder
and van Santen for the effective permittivity. For further details see [3].

The described algorithm was applied to a polyamide flat plate sample containing 30 wt.%
of glass fibers. Figure 5 (a) shows the obtained fiber orientation angle θ as well as the
fraction of oriented fibers indicated by the direction and length of the arrows, respectively,
where the refractive index at 0.6 THz was used to determine these parameters. Note that
orientation angle and fraction of orientation are the resulting average across the sample
thickness. Figure 5 (b) and (c) depict results from a Moldflow® simulation for the xy-plane
and the yz-plane of the sample. Altogether, a good agreement between measurement and
simulation is found. The fibers are mainly orientated along the mold flow with some larger
deviation for point 1 at the end of the sample (due to the end of the mold flow). The fraction
of orientated fibers is higher for the points 4-7 compared to 1-3, which was attributed to the
occurrence of a middle layer with up to 20 % of fibers with an orientation tensor in x-
direction (see Fig. 5 (c)). Such a layer is less pronounced in the outer rim of the sample
leading to a larger fraction of orientated fibers at those points. For a detailed discussion of
the results see [3].

Fig. 5 (a) Schematic of flat plate sample with preferential orientations, extracted at 0.6 THz. Simulation
results: amount of fibers orientated in (b) y-direction and (c) x-direction (Reprinted from [3], with permission
from Elsevier)
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One limitation of the presented approach should be noted: if birefringence
becomes larger or the sample thicker such that two separate peaks for ordinary
and extraordinary wave are observed in the THz signal, the data extraction
algorithm will not give reasonable values for n0°, n45° and n90°. Therefore, the
algorithm would require further adaption when higher birefringent samples are under
investigation.

A completely different approach compared to the results presented in literature
was pursued in [4] and was thereafter applied to the investigation of glass-fiber RP
samples. Here, a concept originally developed for PS-OCT (as described, e.g., in
[29]) was adopted and applied to THz birefringence measurements and PS-THz
imaging. The system itself is based on a scanning THz-TDS system in reflection
geometry developed in [111], where the THz beam is scanned by an xy-galvano-
meter scanner through a scanning lens. A schematic of the PS-THz imaging system
is shown in Fig. 6. In contrast to most other THz birefringence measurements, the
sample is irradiated by a quasi-circularly polarized THz-pulse, which is produced
by total internal reflection of linearly polarized THz radiation in a high-resistivity
silicon Fresnel prism, which acts as an achromatic quarter wave plate [112]. After
reflection by the sample, the THz pulse passes the prism a second time and is
collected by a PS-detector for simultaneously measuring two polarization compo-
nents. The main idea is simple: in the case of a non-birefringent sample, again
linear polarization is obtained after the prism; a birefringent sample in turn results
in a generally elliptically polarized wave. However, extracting the birefringence and
optical axis of the material from the measuring data requires a detailed mathematical analysis of
the situation.

Based on Jones matrix formalism, the authors showed that the problem can be
reduced to relatively simple equations. For the first time, an algorithm was presented
where evaluation was not performed at single frequencies, but which exploits the
frequency dependence of the THz measurement for extracting the THz birefringent
parameters. In detail, the complex frequency dependent spectral components of the
two polarization components of the signal reflected from the rear sample surface, Sa

Fig. 6 Schematic drawing of the PS-THz imaging system. BS: beam splitter, OAPM: off-axis parabolic
mirror (Reprinted from [4], with permission from The Optical Society OSA)
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and Sb, were used for calculation. The parameter A2 used for normalization was
defined as the spectral energy of the signal. A minimum at a frequency fmin of the
relation

g1ð f Þ ¼ Sa þ Sbj j
A

was shown to occur at a phase shift equal to π between the two polarization
components. Correlating the phase shift Δφ with Δn (see Chap. 2), the average
birefringence in a point of the sample with known thickness was obtained. Further-
more, the relation

g2ð f Þ ¼ Saj j2 � Sbj j2
2A2

was shown to exhibit an amplitude equal to sin(2θ), where θ is the orientation of the
optical axis with regard to the horizontal, allowing to extract the orientation of the
optical axis from the measurements.

Several points of this method are worth mentioning: first, it requires only a single
time-domain depth scan with a PS-detector, as it relies on the relative signals
between the two polarization components only. Thus, there is no need of recording
a reference or measuring at different rotation angles. Therefore, this approach is well
suited for imaging, but can evidently also be used for fast single-point measurements.
Second, a three-contact PCA similar to the one in [89] was used for PS-detection. It
was shown that the algorithm requires a symmetric adjustment of the detection arms,
but otherwise is not sensitive to the degree of cross-talk between the gaps, resulting
in more or less non-orthogonal effective detection axes. Furthermore, the inverse of
the minimum detectable birefringence depends on the bandwidth times the sample
thickness, i.e., thinner samples will require THz systems with higher bandwidths for
measuring the same birefringence as thicker samples. The measurements in reflection
geometry double the optical path length and therefore the minimum detectable value
of Δn. It is noted that the algorithm does not yield frequency resolved values of the
birefringence and works only well for linear non-dichroitic samples with negligible
dispersion. However, considering these limitations, the algorithm can deliver efficient
and fast information on the birefringence and orientation of the optical axis of a
sample.

The algorithm was tested for the spatially resolved investigation of a short-fiber injection
molded polymer test bar (high-density polyethylene with 50 wt.% of glass-fibers), shown in
Fig. 7 (a). The extracted orientation of the optical axis and the values of birefringence are
indicated by the direction of the arrows and the color-coding (color online), respectively, in
Fig. 7 (b).

The orientation of the optical axis is assumed to correlate with the average fiber
alignment, resulting from the flow pattern during injection molding. The reduced birefrin-
gence in the left, wider part is assigned to distortions in the fiber alignment possibly due to
turbulences when the melt was injected from the left. Altogether, this example shows that
complete information on the birefringence properties of the RP sample and of other
anisotropic materials in general can be obtained by the presented setup and algorithm,
relying only on a single measurement with a PS-detector.
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6 Conclusion and Outlook

In this paper, recent results on THz birefringence measurements were reviewed. A basic
introduction to birefringence, an overview over different samples birefringent at THz
frequencies, and a short look at the technical requirements for PS-THz measurements were
given. Moreover, different approaches for THz birefringence measurements presented in
literature were discussed. It was pointed out that it explicitly has to be distinguished between
the situations where samples with known or unknown orientation of the optical axis are
investigated, where the latter represents the more challenging situation with regard to the
extraction of birefringence. Different approaches were reviewed for the identification of the
optical axis of a material, employing a rotation of the sample or of the THz polarization, and
requiring different numbers of measurements. In addition, works on the full characterization
of THz polarization were discussed.

The last part of the paper was focusing on methods for the analysis of anisotropic fibrous
materials, where the orientation of the optical axis as well as birefringence are relevant
parameters, as the earlier corresponds to the average fiber orientation, whereas the latter can
be seen as the degree of anisotropy, being influenced by the degree of fiber alignment as well
as by the fiber concentration [3]. Therefore, the measurement of the optical axis as well as of
birefringence is also of practical importance, e.g., for quality control of fiber RP materials.
Three specific works [2–4] were reviewed in detail, where different approaches based on PS-
THz-TDS for the analysis of fibrous materials were presented. In practice, a method clearly
favorable does not require sample rotation and relies only on a minimum number of
measurements – a requirement that was met by the approach presented in [4].

Although the recent works done in the field of THz birefringence measurements have
demonstrated the high potential of PS-THz technology for the investigation of optically
opaque anisotropic samples, still further developments are necessary. The requirements for a
future use of PS-THz technology in non-destructive testing and quality control can be
summarized by two main points: the efficient determination of the (unknown) orientation
of the optical axis, together with the measurement of birefringence. Besides developing of
appropriate and, especially with regard to imaging, efficient PS-THz approaches, such as by
irradiation with quasi-circularly polarized THz radiation [4] or the fast rotation of detectors
[85], the establishment of models and algorithms for parameter extraction, e.g., based on
Jones or Stokes vector formalisms, is intrinsic. What currently still complicates modeling of
data and limits the sensitivity of PS-THz measurements are the non-ideal properties of many
components used in PS-THz technology, such as of polarizers with low extinction ratio and
PS-detectors with non-ideal detection properties. An example are multi-contact PCAs, where
cross-talk between the detected polarization components and the high sensitivity with regard
to alignment heavily influence the measured signal. Thus, one focus should be the

Fig. 7 (a) Injection molded glass-fiber RP test bar. (b) Orientation of the optical axis (arrows) and
birefringence Δn, determined from the frequency dependence of the THz signals (color-coded; color online)
(Reprinted from [4], with permission from The Optical Society OSA)
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development of high-quality PS-THz components, including broadband polarizers with high
extinction ratio or reliable PS-THz detectors. Moreover, other standard components avail-
able in other wavelength ranges, such as broadband waveplates, are not or hardly available at
THz frequencies [68, 112] and therefore limit the development of new techniques. In our
opinion, the development of new and improved broadband PS-THz components is a highly
important issue, which could bring THz birefringence measurements to its next level.
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