

View

Online


Export
Citation

RESEARCH ARTICLE |  DECEMBER 26 2024

Fast determination of terahertz polarization azimuth angle
based on the core-anti-resonant effect 
Yangjun Mei; Yifu Tian; Yongpeng Han; Li Lao; Jiayu Zhao  

Appl. Phys. Lett. 125, 261105 (2024)
https://doi.org/10.1063/5.0237369

Articles You May Be Interested In

Terahertz spectroscopic polarimetry of generalized anisotropic media composed of Archimedean spiral
arrays: Experiments and simulations

J. Chem. Phys. (May 2016)

Split Archimedean spiral metasurface for controllable GHz asymmetric transmission

Appl. Phys. Lett. (April 2019)

Sensing azimuthally symmetric objects by a single-pixel detector via COAM matrix

Appl. Phys. Lett. (June 2023)

 13 M
arch 2025 08:45:34

https://pubs.aip.org/aip/apl/article/125/26/261105/3328479/Fast-determination-of-terahertz-polarization
https://pubs.aip.org/aip/apl/article/125/26/261105/3328479/Fast-determination-of-terahertz-polarization?pdfCoverIconEvent=cite
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
https://orcid.org/0000-0002-7188-8508
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0237369&domain=pdf&date_stamp=2024-12-26
https://doi.org/10.1063/5.0237369
https://pubs.aip.org/aip/jcp/article/144/17/174705/194528/Terahertz-spectroscopic-polarimetry-of-generalized
https://pubs.aip.org/aip/apl/article/114/15/151105/36517/Split-Archimedean-spiral-metasurface-for
https://pubs.aip.org/aip/apl/article/122/25/251106/2897710/Sensing-azimuthally-symmetric-objects-by-a-single
https://e-11492.adzerk.net/r?e=&s=o0a45_V7y58RwYyCrGes4rHp5dc


Fast determination of terahertz polarization
azimuth angle based on the core-anti-resonant
effect

Cite as: Appl. Phys. Lett. 125, 261105 (2024); doi: 10.1063/5.0237369
Submitted: 4 September 2024 . Accepted: 14 December 2024 .
Published Online: 26 December 2024

Yangjun Mei,1 Yifu Tian,1 Yongpeng Han,1 Li Lao,2 and Jiayu Zhao1,3,a)

AFFILIATIONS
1Terahertz Technology Innovation Research Institute, Terahertz Spectrum and Imaging Technology Cooperative Innovation Center,
Shanghai Key Lab of Modern Optical System, University of Shanghai for Science and Technology, Shanghai 200093, China
2Tera Aurora Electro-optics Technology Co., Ltd, Shanghai 200093, China
3Shanghai Institute of Intelligent Science and Technology, Tongji University, Shanghai 200092, China

a)Author to whom correspondence should be addressed: zhaojiayu@usst.edu.cn

ABSTRACT

The azimuth angle of linearly polarized light plays a crucial role in optical mechanism investigations and various applications. However, in
the terahertz (THz) band, traditional detection methods suffer from low efficiency or require complex apparatus. In this work, based on the
core-anti-resonant reflection (CARR) principle, we propose a polarization-sensitive CARR cavity, namely, a simple 3D-printed tube with an
Archimedean spiral structure of the cross section, which links the input linear polarization azimuth angle to the output resonant frequencies.
In this way, the spatial polarization angle can be rapidly resolved via the Fourier-transformed THz spectrum from the detected single THz
temporal pulse. Therefore, the experimental system configuration is simplified, and more importantly, the detection efficiency has been sig-
nificantly enhanced.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0237369

The detection of linear polarization azimuth angle in different
electromagnetic frequency scales is important for various applications.
For example, the linear polarization azimuth angle has been measured
to provide information for navigation in the skylight band,1,2 and to
precisely detect the glucose solution concentration with a He–Ne laser
wavelength.3 Yao et al. demonstrated the application of linear polariza-
tion at different azimuth angles of the ground-to-zenith light (in the
range of 400–900nm) in the satellite remote sensing of the earth’s sur-
face.4–6 Additionally, Ding et al. applied the gigahertz linear polariza-
tion azimuth angle in wireless communications.7 Specifically, in the
terahertz (THz) band, since strong THz sources8–15 prefer to radiate
linearly polarized THz waves, the corresponding azimuthal angles also
carry fruitful physical information for exploring the properties, mecha-
nisms, and optimization methods of THz-optical processes. For
instance, the azimuth angle of linearly polarized THz wave has been
employed to investigate the physical mechanisms of laser plasma radi-
ation in the THz range,16 to study the Faraday rotation effect in
graphene17 and in doped silicon,18 as well as to examine the Hall
mobility in doped semiconductors,19 and to assess the linear polariza-
tion rotation performance of metasurface devices,7,20 among others.

Therefore, simple, fast, and accurate detection methods of the
THz linear polarization azimuthal angle are particularly important.
Currently, the most direct way is to rotate a THz polarizer for 360� to
scan THz signals of different linear polarization orientations, for exam-
ple as illustrated in Fig. 1, by inserting a THz polarizer (e.g., metal wire
grid) between the THz photoconductive antenna (PCA) emitter and
receiver. In addition, the polarizer can also be rotated between the hor-
izontal and vertical directions in order to acquire two orthogonal THz
time-domain signal components. Subsequently, by plotting the THz
polarization state diagram, its polarization azimuth angle can be deter-
mined. Furthermore, due to the polarization dependence of the detec-
tion PCA, it has to be rotated along with the polarizer. Alternatively, if
the electro-optic sampling (EOS) scheme is used to detect the THz
wave, the EO crystal can also be rotated instead of the THz polarizer.21

However, a high-speed rotation of the optical device would bring mea-
surements with additional mechanical errors.6

In addition, fast THz polarization measurements can also be
achieved by periodically modulating the probe polarization via photoe-
lastic (PE) or EO methods22,23 during the pump-probe (THz-laser)
experiments. However, these methods theoretically cannot surpass the
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frequency limitations imposed by the electrical technique, whose mod-
ulation frequency might only reach up to the gigahertz range, corre-
sponding to a timescale of nanoseconds. Hence, this method is clearly
not suitable for diagnosing transient THz-optical processes, e.g.,
acquiring the polarization information from low-repetition-rate or
even single-shot THz sources.

Furthermore, the simultaneous detection of orthogonal polariza-
tion components has also been proposed in order to restore the initial
THz polarization state. For example, one can adopt a PCA detector
with orthogonal slits24,25 or combine a THz polarization splitter with
two EOS systems.26–28 However, the former can still not achieve fast
measurements at the single-shot level, and the latter requires a

substantial number of optical devices, which not only inevitably intro-
duces energy losses into the beam paths and decreases the signal-to-
noise ratio (SNR), but also seems too complex for the specific goal of
determining the THz polarization azimuth angle.

In this work, we proposed an efficient method to achieve the THz
linear polarization azimuth angle within the time of detecting a single
THz pulse and only utilized a 3D-printed Archimedean spiral tube
with varied inner diameters acting as the THz modulator. Briefly, the
input azimuth angles (h) of linearly polarized THz beams can be
encoded in the form of resonant frequencies ( fm) in the transmitted
THz spectrum along the Archimedean spiral tube, based on the princi-
ple of core-anti-resonant reflection (CARR) effect. As a result, one can
easily distinguish between different h according to different fm of the
output frequency-domain THz signal. Hence, this scheme only
requires the detection of a single modulated THz temporal pulse, from
which the THz spectrum and its fm can be immediately obtained by
Fourier transformations.

The principle of CARR29–32 is illustrated in Fig. 2(a). When the
broadband THz wave is incident into a thin-walled tube, it undergoes
Fabry–P�erot-like (F–P-like) oscillations within the tube core. During
this process, the frequency components, which resonate with the F–P
cavity, transmit through the tube wall, while the anti-resonant compo-
nents remain confined along the tube. This ultimately results in

FIG. 1. Schematic diagram of a conventional detection setup for the THz polariza-
tion azimuth angle based on the THz PCAs, where the four TPX are THz lenses.

FIG. 2. (a) Schematic of the CARR effect inside a F–P-type tubular cavity. (b) The experimental setup for rapid determination of the linear polarization azimuth angle. (c)
Spectra of the initial THz signal and output CARR signal. (d) The structure of the designed Archimedean spiral tube (numbers in unit of mm).
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periodic dips on the THz spectrum output from the CARR tube, and
the spectral positions of these resonant frequency ( fm) correspond to
fm ¼ mc

2nDcosu, wherem¼ 1, 2, 3… is the resonance order, c is the speed
of light in vacuum, n is the refractive index inside the hollow core
(here n¼ 1 for air), D is the inner diameter of the tube, and u is the
incidence angle of THz waves on the inner surface of the tube.

To experimentally verify this CARR effect, a common tube was
made of polyethylene (PE) by 3D printing (3DSL-800, Creality) with
the inner diameter of 12mm, wall thickness of 0.85mm, and length of
15 cm. Then, it was mounted into our all-fiber THz time-domain spec-
troscopy system (THz-TDS), partly as shown in Fig. 2(b). Briefly, the
PE tube acted as a THz modulator between the PCA emitter and
receiver (TERA 15-TX-FC, TERA 15-RX-FC, Menlo Systems), and
four TPX lenses assisted the system by collimating or focusing the
THz beam. Meanwhile, the PCA emitter and receiver were stimulated
by a femtosecond laser (LangYanTech) with the following parameters:
1560 nm (central wavelength), 120 fs (pulse duration), 60 mW (aver-
age power), and 100MHz (repetition rate). Furthermore, to ensure the
equal optical lengths between the pump and probe paths, an optical
delay line was installed in the probe path. Figure 2(c) depicts the initial
frequency-domain THz signal and the output CARR signal. It can be
observed that the latter exhibits four dips along vertical dashed lines
(equally spaced), consistent with the theoretical predictions as shown
in Fig. 2(a). The average dip interval is about 0.232THz, which is close
to the calculated value of 0.239THz given by the fm formula with
D¼ 12mm and u¼ 87�. Note that the THz spectra in Fig. 2(c) were
Fourier-transformed from the THz temporal pulses (please see
Discussions before Conclusion of this work) recorded by our THz-
TDS system.

In view of the fm formula, it is possible to connect the spectral res-
onant frequency interval (Df) with the inner diameter (D) via

Df ¼ c
2D cosu

: (1)

Based on this relationship, if D could be continuously varied along dif-
ferent azimuth angles (h0), then an arbitrary linearly polarized THz
wave can find its exclusive D andDf, in which way the polarization azi-
muth can be retrieved from the THz spectrum. Therefore, we designed
an Archimedean spiral tube with D ranging from 10 to 12mm as dis-
played in Fig. 2(d), whose inner radius r is calculated as follows:

r h0ð Þ ¼ aþ bh0; (2)

where a and b are two constants. By further defining Dmin¼ 10mm at
h0 ¼�90� and Dmax¼ 12mm at h0 ¼ 90�, a and b can be obtained by
resolving the following equation groups:

r�90 þ r90 ¼ 10

r90 þ r270 ¼ 12

r�90 ¼ aþ b� �90ð Þ
r90 ¼ aþ b� 90

r270 ¼ aþ b� 270:

8><
>:

8><
>:

(3)

The resultant a and b are 5 and 1/180, respectively. Please see also
the supplementary material S1 for the reason for the selection of
D¼ 10–12mm, and another cross-sectional structure design of our
CARR tube beyond the used Archimedean spiral. In this work, h and
h0 indicate the azimuth angles of the input THz linear polarization and
the connected D diameter, respectively, as shown in the inset of
Fig. 2(d). The relationship of h0 þ 90¼ h is always maintained. This is

due to the TE dependence of the THz wave during CARR-type oscilla-
tions inside the tube,29 which means a THz pulse polarized along
h¼ 0� corresponds to the perpendicular D along h0 ¼�90�.

Finally, the manufacturing method and material of the tube
remain 3D printing and PE, and the experimental Archimedean spiral
tube is shown in Fig. 2(d). Next, we inserted the Archimedean spiral
tube into the experimental setup as shown in Fig. 2(b) to verify its
validity of distinguishing different azimuth angles of linearly polarized
THz waves passing through it.

We employed the experimental setups displayed in Figs. 1 and 2
to measure the THz linear polarization azimuth angles of 0�, 45�, 90�,
and 135�, with the results depicted in Figs. 3(a)–3(d) and 3(e), respec-
tively. It can be observed that Figs. 3(a)–3(d) represent the THz linear
polarization states, each of which is synthesized from two orthogonal
THz time-domain components via the conventional method as in
Fig. 1, whereas Fig. 3(e) shows the spectral curve of a single THz time-
domain pulse modulated by the Archimedean spiral tube, with the fre-
quency interval of the spectral dips varying according to the input THz
polarization azimuth angle. Here, to prevent the complete extinction of
the PCA receiver on the linearly polarized THz wave, we set its extinc-
tion angle to be �22�, different from all the incident THz polarization
azimuth angles. This measurement style has been proved by us that it
does not significantly affect the spectral SNR or alter the expected loca-
tions of the spectral dips (see supplementary material S2).

Subsequently, we substituted the average Df from Fig. 3(e) in
Eq. (1) to calculate the corresponding aperture D, and then, by using
the following equation:

D h0ð Þ ¼ r h0ð Þ þ r h0 þ 180ð Þ; (4)

we computed the corresponding h0 and predicted the THz polarization
azimuth angles (h¼ h0 þ 90) to be 2.6�, 47.7�, 88.3�, and 133.1�,
respectively, as plotted as circles in Fig. 3(f). It is evident that the THz
polarization azimuth angles obtained by the two methods in Fig. 3(f)
(bars vs circles) are essentially in agreement. This has been demon-
strated that, compared to the conventional method (Fig. 1), our
Archimedean spiral tube approach (Fig. 2) does not require any device
manipulation (e.g., rotation, etc.), nor does it necessitate two separate
measurements of the orthogonal THz polarization components.
Instead, it can directly determine the linear polarization azimuth angle
from the FT spectrum of a single THz time-domain pulse, thereby
simplifying the measurement process and enhancing the detection
efficiency.

In the above-mentioned experiments, four representative azimuth
angles have been detected by the proposed CARR method.
Furthermore, in the same manner, all 180�-azimuth angles can be
retrieved if the THz PCA emitter is continuously rotated to make a
broader range of THz polarization azimuth angles (from 0� to 180�).
Note that here the “rotate” refers to the rotation of the THz source
(i.e., the used THz-PCA emitter or any other kinds) over the 180�

range, not the rotation of our detection setup (the Archimedean spiral
tube and the THz-PCA receiver). The recorded frequency-domain
THz amplitude is depicted in Fig. 4(a), in which the resonance fre-
quencies are marked with white dashed lines, and a continuous
decrease in fm with the increasing h can be observed. This phenome-
non is as expected from the fm formula that a larger D (corresponding
to a larger h or h0) leads to a smaller fm. It is worthing noting that
here the extinction angle of the detection antenna was set at �10�
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(i.e., 170�), and thus, the spectral results between h¼ 160� and 180�

have a low SNR, which are not shown in Fig. 4 (see also supplementary
material S2).

Then, we performed a quantitative analysis by extracting the
average interval between resonance frequencies (Df) at different h as
shown in Fig. 4(b), which decreases from 0.31THz at h¼ 0� to
0.25THz at h¼ 160�. Based on this result and Eq. (1), the correspond-
ing inner diameters D can be calculated as illustrated in Fig. 4(c).
Subsequently, we calculated the angles (h0) corresponding to these D
values according to Eq. (4), and the resultant (h0þ90) are indicated by
the black squares in Fig. 4(d). Additionally, theoretical values are also
depicted in the same figure as the red line. One can see a close agree-
ment between the two results with the root mean square error (RMSE)
of only 3.22%.

It is worth noting that, as can be seen from the experiments
depicted in Figs. 3 and 4, in our scheme, the measured frequency
requires a certain bandwidth, within which the polarization
should also be approximately consistent. Therefore, in various applica-
tion scenarios, one may need to first filter out the frequency band
of interest as a pre-treatment before the proposed CARR measure-
ments. Although this pre-treatment might increase the complexity of
our method, it is also needed for traditional methods. Hence, our
approach remains advanced because it does not require a rotation of
the polarizer or detector or any other optical components. For a more
detailed analysis of the above-mentioned content, please refer to

supplementary material S3. Additionally, theoretically, our scheme can
also detect the azimuth of elliptically polarized light, that is, the direc-
tion of the major axis of the polarization ellipse, which is further
described in supplementary material S4 for details.

On the other hand, our experiments above are mainly carried
out in the manner of Fig. 5(a), where an Archimedean spiral tube and
an ordinary THz PCA detector with a single metal slit (“�”) were
employed. Compared with the THz PCA with orthogonal slits (“þ”)
in Fig. 5(b), which can simultaneously detect the orthogonal polarized
THz components, our CARR method may not seem to offer a signifi-
cant advancement, as both can measure the THz polarization azimuth
angles without the need of device manipulations, such as rotation.
However, our CARR method (and the Archimedean spiral tube) can
also be combined with traditional THz single-shot detection (SSD)
systems33 (see supplementary material S5) as shown in Fig. 5(c),
endowing them with polarization azimuth angle detection capabilities.
This would enable a rapid diagnosis of the polarization angle at the
level of single-shot and single-pulse during transient THz-optical pro-
cesses, a feature that “þ” THz PCAs lack as they currently operate
exclusively in a multi-shot mode24,25,34 (see supplementary material
S5). In addition, the proposed Archimedean spiral tube in this
work could also play potential roles in various applications like the
tunable filter, the wavelength, and polarization multiplexer or
the fast-scanning cavity, among others, as demonstrated in the
supplementary material S6.

FIG. 3. (a)–(d) THz linear polarization states detected using the conventional method shown in Fig. 1 for polarization azimuth angles of 0�, 45�, 90�, and 135�. (e) THz spectra
detected using the proposed CARR method as shown in Fig. 2(b) for the four polarization azimuth angles as depicted in (a)–(d). (f) Comparison of THz polarization azimuth
angles obtained from (a)–(d) as bars and (e) as circles.
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Moreover, it should be noted that our CARR cavity, although
shaped like a waveguide, is indeed a THz modulation device.
Because its primary purpose is not to transmit THz waves with low
loss, but to encode the polarization azimuthal angle information into
the THz time-domain waveform. Ultimately, the initial THz polariza-
tion azimuthal angle can be determined by the resonant frequencies
(i.e., dip positions) on the output THz spectrum. Figure 6(a) presents
the time-domain waveform of the THz emission from our PCA
emitter. After passing through the CARR tube, the THz signal is

modulated with the output result as shown in Fig. 6(b). It can be
seen from Fig. 6(b) that there is an attenuation of the THz energy.
However, since this THz loss has no significant impact on the reso-
nant frequencies or dip positions on the THz spectrum, this work
did not provide a comprehensive study on this factor or other wave-
guide properties of the CARR tube. In short, our CARR cavity serves
as a component of a “rapid linear polarization azimuth angle detec-
tor,” rather than being a conventional waveguide designed primarily
for THz wave transmission.

FIG. 4. (a) The output THz spectra from the Archimedean spiral tube with different input THz polarization azimuth angles (h). (b) The average interval between resonance fre-
quencies (Df) obtained from (a) as a function of h. (c) The calculated D based on (b) and Eq. (1). (d) The resolved polarization azimuth angle (h0þ90) from D in (c).

FIG. 5. Comparison between (a) our method (Archimedean spiral tube) and (b) the THz PCA with orthogonal slits (“þ”) for detecting the THz polarization azimuth angle. “�”
means that the corresponding PCA or SSD (single-shot detection setup in (c)) does not have the ability of simultaneously detecting the orthogonal polarized THz components.
The single- or multi-shot/pulse THz radiations could be from an intense-laser-induced THz source or a transient THz–matter interaction process, among others.
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In summary, in this work, we have validated the use of CARR
technique for rapid detection of linear polarization azimuth angles in
the THz band. According to the CARR theory, changes in the inner
diameter of the CARR tube lead to variations of the output resonant
frequencies. Consequently, an Archimedean spiral tube with a gradu-
ally varying inner diameter was fabricated, which allowed us to build
one-to-one connections between the three factors, namely, the reso-
nant frequency, the inner diameter, and the azimuth angle of linearly
polarized THz waves. By this method, we achieved the goal of encod-
ing the spatial THz azimuth angle information into the THz spectrum
(via a simple CARR tube), and the latter can be easily obtained from a
single time-domain THz pulse waveform or even a single THz shot.
Therefore, the proposed scheme not only significantly reduces the
complexity of traditional methods, but also is expected to achieve real-
time THz azimuth angle monitoring with high temporal resolution.

See the supplementary material for additional information.
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