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Abstract

Terahertz time-domain spectroscopy (THz-TDS) is a widely used technique for characteriz-
ing a broad range of materials in the terahertz frequency region. Conventional THz-TDS
requires both reference and sample signals to extract optical parameters such as refractive
index and absorption coefficient. Determining optical anisotropy, specifically birefringence
and linear dichroism, typically requires separate measurements of the optical parameters
of the sample parallel and perpendicular to the terahertz electric field. This process in-
creases measurement time and depends heavily on a stable reference scan. In this work, we
present a simple and accurate method to directly obtain birefringence and linear dichroism
without the need for a reference measurement. The proposed approach extracts anisotropic
parameters solely from the sample signals by analyzing the differential phase delay and
amplitude attenuation between orthogonally polarized terahertz electric field components.
We validate this method experimentally using optically anisotropic materials such as TiO;
and bamboo samples and confirm that the results agree closely with those from conven-
tional reference-based THz-TDS. This technique offers a practical route to measure the
optical anisotropy of materials, particularly in situations where acquiring a reference signal
is challenging.
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1. Introduction

The terahertz region of the electromagnetic spectrum lies between the microwave
and infrared bands, typically spanning frequencies from 0.1 to 10 THz. Recent advances
in ultrafast lasers, photoconductive and nonlinear optical materials have enabled reliable
generation and detection of terahertz waves, leading to rapid growth of terahertz tech-
nology. The low photon energy, sensitivity to molecular vibrations, and transparency of
terahertz waves in many dielectric materials make terahertz technology an important tool
for sensing, imaging, communication, and material characterization [1].

Terahertz time-domain spectroscopy (THz-TDS) is widely used to extract material pa-
rameters such as refractive index and absorption coefficient. It has been applied to a diverse
range of materials, including crystals, polymers, pharmaceuticals, and biomaterials [2—4].
In many of these materials, the optical response depends on the polarization direction of the
incident terahertz field. This optical anisotropy is commonly characterized by birefringence
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and linear dichroism. Birefringence refers to the difference in refractive index between or-
thogonally polarized waves, while linear dichroism describes the corresponding difference
in absorption. These parameters provide valuable information on molecular alignment,
structural order, and internal anisotropy in both natural and engineered materials [5-8].

In conventional THz-TDS, extraction of the refractive index and absorption coefficient
requires two measurements. A sample measurement is recorded when the terahertz wave
interacts with the sample under investigation, while a reference measurement is recorded
without the sample. The optical parameters are then extracted from their ratio [9-11]. For
anisotropic materials, this process must be performed for two orthogonal polarization states,
either by rotating the sample or by changing the polarization of the terahertz beam [12-16].
While terahertz time-domain spectroscopic ellipsometry has been demonstrated as an
alternative for characterizing optical anisotropy [17-20], it requires specialized polarization
optics, and careful system calibration, making it significantly more complex than a stan-
dard THz-TDS setup. In conventional THz-TDS approaches, multiple measurements are
required, which increases the data acquisition time and requires a stable system and precise
sample alignment. Because the optical parameters are obtained by comparing sample and
reference waveforms, any fluctuation in source power, detector response, or environmental
conditions between measurements can introduce significant errors, particularly when a
reproducible reference scan is difficult or impossible to obtain [21-23]. Such limitations are
particularly relevant in practical scenarios, where the sample cannot be removed from the
beam path to acquire a reference scan, biological samples that degrade or change between
successive measurements, and measurements where environmental instability makes it
difficult to maintain reproducible conditions between reference and sample acquisitions.

To overcome these limitations, we present a simple and robust reference-free method
for directly extracting birefringence and linear dichroism from THz-TDS measurements.
A reference-free approach eliminates the need for a separate reference waveform and
allows anisotropic parameters to be extracted directly from sample measurements. The
method exploits the relative phase delay and amplitude attenuation between orthogonally
polarized terahertz signals transmitted through the sample. By relying solely on the
differential response between polarization states, the proposed approach avoids the need
for a reference waveform while remaining compatible with standard THz-TDS setups. This
provides a practical and accurate route for characterizing optical anisotropy in a wide range
of materials.

2. Experiment
2.1. Terahertz Time Domain Spectroscopy

A standard terahertz time-domain spectroscopy system operating in transmission
mode is employed to measure the optical constants, including refractive index and absorp-
tion coefficient, of the TiO, and bamboo samples, as shown in Figure 1. The system is
based on a compact femtosecond fiber laser with a central wavelength of 780 nm, pulse
duration shorter than 100 fs, repetition rate of 50 MHz, and an average output power of
20 mW. Terahertz waves are generated and detected using low-temperature-grown GaAs
photoconductive antennas. The output of the femtosecond laser is divided into two equal
halves using a beam splitter. One half is used to excite the emitter antenna, while the other
half is directed through a mechanical delay stage before illuminating the detector antenna.
The emitted terahertz pulse is collimated and focused on the sample using a pair of off-axis
parabolic mirrors. After transmission through the sample, the terahertz beam is again
collimated and refocused onto the detector antenna using a second pair of off-axis parabolic
mirrors. Terahertz time-domain waveforms are acquired using a step-scanning mechanical
delay stage, with each waveform consisting of 1024 time-domain points sampled at 40 fs
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intervals. The frequency resolution of the system is approximately 24 GHz. The system has
a dynamic range of approximately 60 dB and covers a frequency range of up to 3 THz when
measured in air. Measurements were performed at room temperature under atmospheric
pressure in ambient air without nitrogen purging or humidity control.

THz Emitter THz Detector
Off-axis
parabolic mirror
fs laser fs laser
N 1
Sample

Figure 1. Schematic diagram of the terahertz time domain spectroscopy (THz-TDS) system used in
the measurement.

2.2. Birefringence and Linear Dichroism

In a standard transmission mode terahertz time domain spectroscopy (THz-TDS), a
reference signal is measured when there is nothing on the path of the terahertz wave, while
a sample signal is measured when the terahertz wave is transmitted through the sample
under investigation. Let Eg,y, (f) and Ege(f) denote the time domain sample and reference
signals, then their Fourier transformed spectra are written as

Esam(w) = | Esgm(w) | expligsam(w)} 1)

Egef(w) = | Eref(w) I expligpefw)} ()

respectively, where g, (w) and @pef(w) are sample and reference phase spectra respectively.
The transmittance T(w) of the sample is defined as the ratio of sample intensity spectrum
Isam(w) to reference intensity spectrum I Ref(w) written as

2
T(w) _ Isum(w) _ |E5am((u) |2 (3)
Igef(@W) I Eges(w)|
Next, the absorption coefficient is then calculated from the transmittance as
1, IE |2
| ERef(w) |

where d is the sample thickness. The refractive index is calculated from the phase difference
between the sample and reference signals as

n(@) =1+~ [gsan (@) = Pres () ©)

where c is the speed of light and w = 27f is the angular frequency.

Birefringence and linear dichroism are manifestations of optical anisotropy in ma-
terials, where the refractive index and absorption coefficient depend on the polarization
direction of the incident electromagnetic wave. Birefringence arises from polarization-
dependent phase velocities, leading to a relative phase delay between orthogonally
polarized components, while linear dichroism originates from polarization-dependent

https:/ /doi.org/10.3390/photonics13070681


https://doi.org/10.3390/photonics13070681

Photonics 2026, 13, 681

40f9

absorption. Birefringence is commonly quantified as the difference between refractive
indices measured along two principal optical axes of the material, written as

An(w) = ne(w) —ny(w) (6)

where 7, and 7, are extraordinary and ordinary refractive indices, respectively. Using the
expression of refractive index given above, the birefringence can be computed directly from
the phase spectra of the two orthogonally polarized sample signals as

(@) =14 2= [pe(w) = go(w)] )

where ¢, (w) and ¢, (w) are the phase spectra along the extraordinary and ordinary axes
of the sample, respectively. Similarly, the linear dichroism is calculated as [8]

(8)

where |E,(w)| and | E,(w)| are the transmitted terahertz electric field amplitudes along
the extraordinary and ordinary axes, respectively. From these equations, it is evident
that the birefringence and linear dichroism can be calculated solely from the two orthog-
onally polarized sample signals, without requiring reference measurement, unlike in the
conventional THz-TDS approach.

3. Results and Discussion

To demonstrate the validity of the proposed method, birefringence and linear dichro-
ism are evaluated for two well-known optically anisotropic materials with distinct physical
origins of anisotropy. Titanium dioxide (TiO,) is a widely studied birefringent crystal used
in optical coatings, photonics, and nonlinear optics. Its refractive index differs along the
ordinary and extraordinary axes, making it a suitable reference material for evaluating
anisotropy extraction methods [24]. Bamboo is selected as a structurally anisotropic bio-
logical material in which the alignment of cellulose fibers gives rise to both birefringence
and linear dichroism in the terahertz region [25]. These anisotropic properties originate
from the elongated cellular structure and polarization-dependent dielectric response of
the fibers. The selection of TiO, and bamboo provides a robust validation of the proposed
technique by representing both crystalline and structural forms of optical anisotropy.

Figure 2 shows the time domain terahertz pulses transmitted through the 0.5 £ 0.05 mm
thick rutile TiO; crystal with (110) orientation for two orthogonal components of the elec-
tric field, together with the reference signal. Since the optical axis of the crystal is known,
the sample was first aligned to measure the terahertz properties along the ordinary axis,
then rotated by 90 degrees to obtain the properties along the extraordinary axis. These
signals are analyzed to obtain the birefringence and linear dichroism. Figure 3a shows the
refractive indices of TiO, crystal measured along ordinary and extraordinary axes using
conventional reference-based THz-TDS. A clear difference is observed between the two po-
larization directions across the measured terahertz frequency range, confirming the strong
optical anisotropy of the crystal. Using the phase difference between the two orthogonal
polarization states, the birefringence was calculated without using a reference signal. The
resulting birefringence spectra are shown in Figure 3b. The birefringence obtained with the
reference-free method closely matches that derived from the conventional reference-based
approach over the entire frequency range. Furthermore, the obtained birefringence values
are consistent with the previously reported values for rutile TiO; in the terahertz frequency
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range [26]. This agreement confirms that the phase information required to extract bire-
fringence is preserved in the relative phase delay between orthogonally polarized sample
signals. Similarly, Figure 4a shows the absorption coefficients of TiO, crystal measured
along ordinary and extraordinary axes using standard THz-TDS. Figure 4b presents the
linear dichroism calculated using both methods. The reference-free results follow the
same frequency dependence and magnitude as the conventional results, indicating that
polarization-dependent absorption can be accurately extracted from the relative amplitude
attenuation without requiring a separate reference measurement.

m= Reference
0.15 = Ordinary
m=m=  Extraordinary

0.10
0.05-
0.00 -

—0.05-

Amplitude (a.u.)

—0.10
—0.15

0 5 10 15 20 25 30 35 40
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Figure 2. Reference and sample time domain terahertz waveforms. The sample signals are measured
by rotating the TiO; sample.
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Figure 3. (a) Refractive indices of the TiO, crystal measured along ordinary and extraordinary axes.
(b) Birefringence of the crystal calculated with and without using reference signals.
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Figure 4. (a) Absorption coefficients of the TiO, crystal measured along ordinary and extraordinary
axes. (b) Linear dichroism of the crystal calculated with and without using reference signals.

Figure 5a presents the refractive indices of 2.15 £ 0.09 mm thick bamboo sample mea-
sured parallel and perpendicular to the fiber direction using conventional reference-based
THz-TDS. In contrast to crystalline TiO,, the observed anisotropy in bamboo originates
from the preferential alignment of cellulose fibers within its cellular structure, which leads
to a polarization-dependent dielectric response in the terahertz frequency range. This
structural anisotropy results in distinct refractive index values for the two polarization
directions. The bamboo sample was oriented in such a way that the terahertz electric field
was aligned parallel to the fiber direction for the first measurement and then rotated by
90 degrees to align the electric field perpendicular to the fibers for the second measurement.
The birefringence is obtained from the relative phase delay between the orthogonal polar-
ization components without using a reference signal, and the resulting spectra are shown
in Figure 5b. The reference-free birefringence closely follows the values obtained from the
conventional reference-based analysis across the measured frequency range, confirming
the applicability of the proposed method to biologically derived anisotropic materials.
Figure 6a shows the corresponding absorption coefficients measured parallel and perpen-
dicular to the fiber direction using standard THz-TDS. Figure 6b shows the linear dichroism
calculated using both approaches. The agreement between the two results demonstrates
that polarization-dependent absorption in bamboo can be reliably extracted from relative
amplitude differences, even in materials with complex internal structure, without requiring
a separate reference measurement. The obtained birefringence and linear dichroism values
are consistent with our previously reported results [25]. In both samples, the results are
presented up to 1 THz. This is attributed to the combined effect of high absorption and
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large refractive index in TiO;, which leads to significant Fresnel reflection losses, and to the

strong absorption of the bamboo sample beyond this frequency.

1.8
1.7
1.6
15

@)

mmm= Perpendicular
Parallel

1.4
1.3

Refractive index

0.3

0.4

05 06 07 08 09 10

Frequency (THz)

Birefringence (An)
)
o
n

0.05 M“w

®)

w . With reference
@®  Without reference

0.3

0.4

0.5 06 07 08 09 1.0

Frequency (THz)

Figure 5. (a) Refractive indices of the bamboo sample measured parallel and perpendicular to the

fiber direction. (b) Birefringence of the bamboo calculated with and without using reference signals.
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Figure 6. (a) Absorption coefficients of the bamboo measured parallel and perpendicular to the fiber

direction. (b) Linear dichroism of the bamboo calculated with and without using reference signals.
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4. Conclusions

In this work, we demonstrate a simple and robust reference-free method to directly
measure birefringence and linear dichroism using terahertz time-domain spectroscopy. By
exploiting the differential phase delay and amplitude attenuation between orthogonally
polarized terahertz signals, the proposed approach extracts anisotropic optical parameters
without requiring a separate reference measurement, thereby eliminating errors introduced
by system drift and environmental fluctuations between measurements. The method was
validated experimentally using two samples with distinct physical origins of anisotropy: a
birefringent TiO; crystal, where anisotropy arises from the crystal structure, and a bamboo
sample, where anisotropy originates from the preferential alignment of cellulose fibers.
In both cases, the reference-free results show close agreement with those obtained from
conventional reference-based THz-TDS, confirming the validity and accuracy of the method.
This reference-free technique reduces measurement complexity and sensitivity to system
instability and is well suited for rapid and practical characterization of optically anisotropic
materials in the terahertz frequency range. While the proposed method offers several
practical advantages, it is worth noting that prior knowledge of the principal optical axes of
the sample is required, and the accuracy of the extracted parameters depends on the signal
quality of both orthogonal polarization measurements. In further work, the proposed
method can be extended to reflection geometry, which would enable measurements on
highly absorbing samples.
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