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This work presents a brief review of our recent research on an antiresonant mechanism named core antiresonant reflection
(CARR), which leads to a broadband terahertz (THz) spectrum output with periodic dips at resonant frequencies after its
transmission along a hollow-core tubular structure (e.g., a paper tube). The CARR theory relies only on parameters of the
tube core (e.g., the inner diameter) rather than the cladding, thus being distinct from existing principles such as the tradi-
tional antiresonant reflection inside optical waveguides (ARROWs). We demonstrate that diverse tubular structures, includ-
ing cylindrical, polyhedral, spiral, meshy, and notched hollow tubes with either transparent or opaque cladding materials, as
well as a thick-walled hole, could indeed become CARR-type resonators. Based on this CARR effect, we also perform various
applications, such as pressure sensing with paper-folded THz cavities, force/magnetism-driven chiral polarization modu-
lations, and single-pulse measurements of the angular dispersion of THz beams. In future studies, the proposed CARR
method promises to support breakthroughs in multiple fields by means of being extended to more kinds of tubular entities
for enhancing their interactions with light waves in an antiresonance manner.
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1. Introduction

The antiresonance effect facilitates numerous remarkable appli-
cations in the fields of physics, biophotonics, and material sci-
ence, including the utilization of low-loss waveguides, which
span from the ultraviolet[1–4] to the terahertz (THz)[5] bands,
as well as the development of optofluidic chips for gas/liquid
atomic spectroscopy[6–10]. Moreover, it enables the creation of
multifunctional sensors for various scenarios, such as biochemi-
cal sample analysis[11,12] and measurements of physical proper-
ties[13,14] like displacement, strain, pressure, and temperature.
In this work, we provide an overview of our recent investiga-

tions into a new antiresonant phenomenon termed core antire-
sonant reflection (Core-ARR or CARR)[15–17], which yields a
broadband THz spectrum with periodic dips at resonant
frequencies when THz waves traverse a hollow core tubular
structure, such as a single-layer paper tube. Unlike existing prin-
ciples, e.g., the traditional antiresonant reflection inside hollow
optical waveguides (ARROWs)[1–5], our CARR theory relies

solely on characteristics of the tube core (e.g., the inner diam-
eter) instead of the cladding thickness or refractive index, mak-
ing it fundamentally distinct from established approaches. More
importantly, the CARRmechanism enables more kinds of tubu-
lar structures to resonate with light waves, thus enhancing the
light–matter interactions in corresponding fields, where tubular
entities are frequently studied[1–10,18–38]. Therefore, exciting
opportunities are offered by the proposed CARR method for
advancements in both fundamental understanding and practical
applications.
The organization of this article is as follows. In Section 2, we

derive the concept of CARR from the classical Fabry–Perot
(F–P) cavity principle, highlighting its connection to traditional
antiresonance[1–5] and multimode interference theories[26,27]

while also examining its distinct characteristics. In Section 3,
we demonstrate that diverse tubular structures, such as cylindri-
cal, polyhedral, spiral, meshy, and notched hollow tubes with
either transparent or opaque cladding materials, as well as a
thick-walled hole, could indeed become CARR-type resonators.
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In Section 4, we perform applications based on the CARR effect,
including the pressure sensing with paper-folded THz cavities,
force/magnetism-driven chiral polarization modulations, and
single-pulse measurements of the angular dispersion of THz
beams. In Section 5, we briefly introduce the numerical simula-
tion method of the CARR effect. Finally, in Section 6, we sum-
marize the whole work and put forward future prospects.

2. Origin of the CARR Mechanism

2.1. From the F–P cavity to the CARR cavity

Here, we show the deduction from the traditional F–P cavity to
our CARR effect. It is well known that an F–P cavity consists of
two parallel surfaces, as shown in Fig. 1(a-I). In a condition of a
broadband light incidence, only optical waves in resonance with
the cavity can be transmitted. The transmission spectrum is a
series of resonance peaks at frequencies of f m (m = 1, 2, 3 : : : ),
which can be calculated by the F–P formula,

f m =
mc

2nD cos θ
, (1)

and relevant parameters are described in Fig. 1(a-II), where c is
the speed of light in vacuum, n is the refractive index between

two reflecting interfaces with separation of D, and θ is the inci-
dent angle of light on the interface.
By contrast, unfortunately, the nonresonantly spectral com-

ponents are strongly attenuated during phase-mismatching
oscillations inside the cavity [marked with a red cross in
Fig. 1(a-I)]. However, this wasted optical energy also carries
the complete information of resonance frequencies (as spectral
dips, instead). One way to save the nonresonance wave, intui-
tively, can be increasing its reflectivity on both plates by enlarg-
ing θ, and then guiding it out of the cavity in a direction parallel
to the plates, as shown in Fig. 1(a-III). This time, the light source
needs to be set on the top of the cavity. Moreover, the parallel
plates should be bent into two half-cylinders or even rolled into
a whole cylindrical tube [Fig. 1(b)] in order to fit the incident
divergent light beam and avoid side leakages of the guided
energy. Finally, the antiresonant components could be har-
vested from the tube exit; this process is schematically drawn
in Fig. 1(c-I).
Based on the above analyses, it appears that the term “leaky

F–P cavity” would be appropriate for our proposed scheme.
Additionally, the F–P equation [i.e., Eq. (1)] indeed offers a
sound explanation for the observed phenomena in our stud-
ies[15–17]. However, in the end, we decided to name our scheme
the core antiresonant reflection (core-ARR or CARR), drawing
parallels to traditional antiresonance (also known as ARROW),

Fig. 1. Origin of the CARR principle. (a) (I) F–P cavity and (II) relevant parameters; (III) the light source is set on the top of the F–P cavity for glancing incidence, and
the antiresonant frequency components are guided out from the bottom of the cavity. (b) To accommodate the incident light beam from a point source on the
tube axis, the parallel plates of the F–P cavity are bent into a fully enclosed cylindrical wall. (c) The main distinction between the proposed CARR theory and
traditional antiresonance lies in the location of optical oscillations, occurring either (I) in the central core or (II) in the cladding. (d) Several representative ARROWs,
including a cylindrical pipe[5], a hexagonal cage[6,7], a quadrilateral multilayer channel[8–10], and a ring-nested fiber[1]. (e) Several representative tubular geometries
wherein the proposed CARR effect is applicable rather than the traditional antiresonance, including a helix[18,19], a multihole tube[20–22], an ultrathin tube[23,24], and a
thick-wall hole[25]. (d), (e) Adapted from Ref. [15] under the license CC BY 4.0.
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due to the similarities between these two mechanisms, as dis-
cussed below.

2.2. Comparison between CARR and traditional
antiresonance effects

The antiresonance in the literature is a crucial interaction
between light and tubular structures[1–5] that occurs during light
waves oscillation inside the F–P-like cladding of hollow tubes, as
illustrated in Fig. 1(c-II). Consequently, resonant components
penetrate the cladding (leaking out), while the antiresonant ones
are guided along the central core, thereby creating a broadband
transmission mode with periodical spectral dips (corresponding
to resonant frequencies). Currently, fundamental connections
have been built between the traditional antiresonance effect
and the waveguide’s cladding, whose structural morphology
might be either simple or complex, as displayed in Fig. 1(d),
but necessarily acting as a quasi-F–P cavity. In view of this
F–P dependence, our CARR method shares similarities with
the conventional ARROW. Both of them can be regarded as
leaky F–P-like cavities, inside which reflections need to be
smaller than 100% for each bounce, and the output spectra
have periodic dips. The primary distinction between our CARR
and ARROW lies in the area of wave oscillations, as depicted in
Fig. 1(c), in the core and cladding, respectively. It is for this rea-
son that we named our proposal the core antiresonant reflection
(core-ARR, or CARR for short).
Furthermore, the F–P cladding condition of typical anti-

resonance poses limitations on many other tubular structures
[Fig. 1(e)], preventing them from interacting with lights in an
antiresonance fashion. For example, for the helical materials,
such as chiral ceramics[18] and elastic metal springs[19], their spi-
ral walls obviously cannot function as equivalent F–P units. The
same applies to a multihole tube with mesh-structured clad-
ding[20–22]. Additionally, in the case of the self-rolled-up 2D
material[23,24], the cladding is usually too thin to support internal
oscillations and resonances of light waves. This time, our CARR
method could equip the tubes in Fig. 1(e) with its antiresonant
capability, owing to the fact that the CARR theory focused on the
commonality of hollow cores in these tubular structures. These
cores inherently form curved leaky F–P cavities, which theoreti-
cally permit antiresonances, as depicted in Fig. 1(c-I). This
unique feature is less dependent on the cladding’s materials
and construction, thus expanding the antiresonance effect to
a broader range of tubular materials, including those shown
in Fig. 1(e), and providing them with a new perspective on
strengthening interactions with light. Example application
experiments are carried out in Sections 3 and 4.

2.3. Comparison between CARR and the multimode
interference effects

Apart from the typical antiresonance, the CARR effect is also sim-
ilar to, but different from, themultimode interference observed in
hollow core THzwaveguides[26,27]. As for the latter, briefly, multi-
ple modes are characterized by different effective propagation

velocities (i.e., phase differences) along the waveguide, and the
modal interference results in the periodically-distributed maxima
and minima in the output spectrum. This interference behavior
is normally confined inside the waveguide core, without the re-
quirement for light to leak out. For example, a metallic tube was
employed for themultimode interference of THzwaves[26], which
were blocked from transmitting through the metal cladding.
However, this property is obviously against the condition for

the CARR theory, where both the transmission and reflection of
THz waves by the tube wall are necessary as a fundamental
quasi-F–P effect, as shown in Figs. 1(a)–1(c). This can also be seen
in Section 3, where the spectral dip phenomenonwas not observed
with a metallic tube in our case, whereas under similar conditions,
a meshy metallic tube exhibited dips in the spectrum. In other
words, the transmissivity is one of the essential conditions for
using a CARR-type cavity or waveguide, and the interference out-
side the tube wall is more crucial than that inside the tube core,
which results from the leaky F–P effect. Therefore, the CARR effect
and multimode interference are two distinct mechanisms.

3. Experimental Verification of the CARR Theory

3.1. Experimental configurations

As shown in Fig. 2(a), common A4 paper can be used to produce
CARR tubes. Specifically, a piece of plain A4 paper was wet by
water and tightly coated on a cylindrical mold. Alternatively, one
may drip liquid glue on the overlap area, rather than totally wet-
ting the paper. The mold would not be removed until the paper
dried. In comparison, the second means in Fig. 2(a) is similar,
except for its winding fashion of a paper tape on the cylindrical
mold. A paper helix can also be made following the winding
fashion but using narrower paper tapes to create helical pitches.
All CARR tubes in Fig. 3 were made in similar ways, and the
inner diameter (D), cladding thickness (t), and length (L) were
easily handmade into around 10mm, 0.1–2 mm (0.1 mm for the
paper thickness), and 15 cm.
Then, CARR tube cavities were tested in our all-fiber THz-

TDS (time-domain spectroscopy) setup, as shown in Fig. 2(b).
Briefly, a fiber laser device delivered femtosecond laser pulses
in two paths as pump and probe, respectively, which then
excited the THz transmitter/detection module. Each module
was a group of a photoconductive antenna (PCA) emitter/
receiver and two THz converging lenses (TPX). To ensure the
accuracy of these optical devices, we employed a cage system
(Thorlabs) to maintain their alignment, as shown in Fig. 2(c).
Between the two modules, a rail and linkage system was also
adopted to ensure collimation. Furthermore, there are front
and rear apertures and two holders, enabling the cylindrical tube
cavity’s repositioning accuracy.

3.2. Observation of the CARR phenomena with different
cladding materials

Based on the CARR technique, one has a wide range of choices
of materials and structures of the tube cladding. Aiming at
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verifying this point, we tested various tubular entities, as shown
in Fig. 3, revealing the versatility of the CARR theory.
In Fig. 3(a), nonpolar materials with low material loss in the

THz band were rolled into single-layer tubes, including the A4
paper, the coated paper from magazines, the sandpaper, and the
PVC plastic. Beside each tube picture, the output THz spectra
are presented with a vertical offset for clarity, whose resonant
frequencies are highlighted by gray dashed lines. Furthermore,
as shown at the bottom, a paper helix was also made.
Surprisingly, the resultant THz spectrum matches well with
the aforementioned ones.
By contrast, for a tube made of polar materials in the THz

band (e.g., metal film), its cladding is opaque for THz waves,
contradicting the CARR condition [Fig. 1(c-I)]. Hence, the
CARR effect (periodic spectral dips) cannot be observed in
the top signal of Fig. 3(b). However, the absence of this CARR

nature can be easily rectified by enhancing the light transmission
through the tube cladding, such as by using a longitudinal slot,
porous/multihole structures, or helical air clearances added to
the cladding wall. As indicated in Fig. 3(b), from the second sig-
nal to the last one, all these spectral signals were restored with
periodic dips (i.e., resonant frequencies).
Till now, both dielectric and metal materials have achieved

an unprecedented access to antiresonantly interact with light
modes. Moreover, the tube appearances in Fig. 3 are fre-
quently found on both natural and artificial tubular structures,
such as cylindrical[5,20,21,28,29], polyhedral[6–10,30,31], and helical
ones[18,19,32–34]. Thus, the proposed CARR method might
pave the way toward interdisciplinary applications in various
fields, e.g., based on spiral materials like chiral inorganic mate-
rials[18], metal springs[19], carbon coils[35], and helical proteins/
DNA[36–38].

Fig. 3. Diversity of the CARR cladding materials. (a) Normalized transmission spectra (left) through tubes (right) made of different nonpolar materials with high
transparency in the THz band; (b) similar spectra with (a) except for the cladding made by polar materials instead. Note that, the single-layer tinfoil tube on top is
not a CARR cavity, and thus is without dips in its spectrum. (a), (b) Adapted from Ref. [15] under the license CC BY 4.0.

Fig. 2. (a) Two examples to make cylindrical tubes by paper; (b) the CARR tube was tested in a typical THz-TDS setup. (c) The cage system for positioning the CARR
cavity between the THz transmitter and receiver. (a), (b) Adapted from Ref. [15] under the license CC BY 4.0.
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It is also worthmentioning that, for tubes with cladding thick-
ness several times larger than the THz wavelength, like the PVC
tubes in Fig. 3(a), the coexistence of traditional antiresonances
and CARR can be observed[15]. However, the CARR effect can
only dominate in short tubes and will be completely converted
into traditional antiresonant modes in long waveguides[15].
Moreover, the measured loss of the CARR spectrum is larger
than 0.036 cm−1. Therefore, the CARR effect is not suitable
for long-distance THz transmission, but is better applied inside
short tubular structures for making functional devices like the
three application examples in Section 4.

3.3. Observation of the CARR phenomena with different
cladding morphologies

Besides the wide range of available cladding materials proved
above, another impressive characteristic of CARR resonators
is the flexibility of their cladding construction.
As shown in Figs. 4(a)–4(c), a pair of parallel plates made of

polymethyl methacrylate (PMMA) and polyhedral tubes made
by paper folding with quadrangular and octagonal cross sections
were tested, respectively. Accordingly, the transmission spectra
are shown in the lower part of Figs. 4(a)–4(c), where the vertical

dashed lines highlight the resonant frequencies caused by the
CARR effect. In Fig. 4(d), a 12-mm-diameter air hole centered
inside bulk polyethylene (PE) with a length of 15 cm was exper-
imented with, and the resultant THz spectrum also featured the
CARR behavior. Moreover, slight bending of CARR structures
would not break the antiresonance results, as shown in Figs. 4(e)
and 4(f). All these evidences strongly revealed the structural diver-
sity of tubular cavities offered by the suggestedCARRmechanism.

4. Applications Based on CARR Cavities

In order to investigate the proposed CARR nature, comprehen-
sive experiments were carried out in the previous section by
adopting diverse tubular materials and structures to detect the
CARR spectra. In this section, several representative applications
have been performed based on these CARR-type resonators.

4.1. Pressure sensing via paper-folded CARR cavities

Due to the ability of making a single sheet of paper into a THz
resonant cavity (Figs. 3 and 4), which inherits the foldable char-
acteristic of paper, it is natural for one to come up with an idea of
combining the paper folding and the deformation of the paper

Fig. 4. (a) Parallel plates, (b) quadrilateral and (c) octagonal paper tubes, (d) hollow air hole with large wall thickness, (e) bent plastic tube, and (f) metallic spring
with corresponding CARR spectra. (a)–(d) Adapted from Ref. [15] under the license CC BY 4.0.
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cavity length. In this way, when the shape of the paper cavity is
altered by ambient factors, the cavity length and resonance fre-
quency locations are also changed. As a result, the spectral sens-
ing functionality can be achieved by the paper-folded CARR
cavity. The advantage of this approach is that by using different
types of origami, the structure of the cavity and the manner in
which the cavity length varies can be customized to meet the
requirements of different application scenarios[16].
Taking pressure sensing as an example, as shown in Fig. 5(a-I),

we fabricated a quadrilateral paper tube. The transmitted THz
spectra and the corresponding pressure values were recorded
while we incrementally varied the separation distance D (red
double-headed arrow) between two long sides. Three resonant
frequencies f m (m = 2, 3, and 4) are extracted and plotted as func-
tions of P in Fig. 5(b) as black open squares, accompanied by lin-
ear fittings. At present, the bearable P region around 3 kPa with a
sensitivity of 23 kPa−1 has been successfully achieved. Here, the
sensing sensitivity is evaluated by S = jδ�Δf =f 0�=δPj, where f 0
is the resonance frequency without external loads, and Δf is the
variation of f 0 under a certain pressure P. Next, we introduced

a modification to this rectangular tube by adding two round
edges to both ends, which were then folded up, as demonstrated
in Fig. 5(a-II, III). This origami-based procedure conveniently
altered the cladding properties[24]. With the existence of folded
edges, the cladding structure was reinforced, as right now the
same change of the separationD required larger external pressure
to counteract the heavier edge bending. Consequently, the spec-
tral response regions of the two edge-folded CARR tubes differed
from that of the rectangular one, as shown in Fig. 5(b), spanning
4–6 kPa and 6–9.5 kPa, respectively. Simultaneously, all S values
remained at a high level of >2 kPa−1.
Regarding the pressure sensing applied above, only the D

variation in one single polarization direction was considered.
By contrast, next, we focused on the octagonal tube for two spe-
cific reasons. (i) It can be flexibly folded and deformed under
external forces, which could be more practicable than other
tubes. Similar structures with less or more sides, e.g., a quadri-
lateral or dodecagonal tube, would suffer from either the lack
of origami flexibility, or the small plate area for optical beam
reflections. And (ii), it has four pairs of F–P-like parallel plates,

Fig. 5. CARR-type applications on sensing the ambient stress by considering single or orthogonal polarization directions. (a) The CARR tubes used with different
sensitivities S and pressure P ranges due to different structures (without/with folded-up ends) of the tube claddings; (b) correlations between resonant frequen-
cies fm and the applied P for the above tubes; (c), (d) folding process of an octagonal paper tube and its photos; (e), (f) THz spectra of orthogonally polarized
components during the pressure-sensing process; (g) corresponding evolution of resonant frequencies (fh and fv) at m= 3; (h) distribution ofΔfm = 3 with respect
to the applied pressure P. (a), (b) Adapted from Ref. [15] under the license CC BY 4.0; (c)–(h) adapted with permission from Ref. [16], © The Optical Society.
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which allows simultaneous tuning of two F–P cavities in
orthogonal directions with only one press on top of the cavity,
benefiting from the origami-induced deformation. Hence, the
corresponding sensitivity of the octagonal cavity is expected
to be larger than the quadrilateral tubes used.
The designed octagonal structure is shown in Figs. 5(c) and

5(d), which was forced on the top, and its Dh (or Dv) increased
(or decreased) away from their initial values (12 mm). The
monitored THz spectra are shown in Figs. 5(e) and 5(f) for the
orthogonal polarizations, respectively. It can be clearly seen that
resonant frequencies f h (or f v) at different m induced by Dh

(or Dv) decreased (or increased) as expected, which are high-
lighted by red dashed lines. This phenomenon is further
quantified in Fig. 5(g) at m = 3, based on which Δf m=3 =
jf hm=3 − f vm=3j is calculated and presented in Fig. 5(h) as black
squares. By linearly fitting the relationship between Δf m=3 and
the pressure P as the red line, the calculated S is 57.9 kPa−1 in the
range of 0–1.14 kPa. This value achieved by cross-polarization
tuning is more than twice as large as the 23.19 kPa−1 previously
obtained with the quadrilateral paper cavity, which merely
considered f m variations in a single polarization direction.

Compared with recent publications[39–46], our sensitivity is also
competitive[16]. For example, a pressure sensor[39], fabricated
by sandwiching porous MXene-impregnated tissue paper be-
tween a biodegradable polylactic acid (PLA) thin sheet and an
interdigitated electrode-coated PLA thin sheet, has a maximum
pressure sensitivity of 3.81 kPa−1, which is much lower than
our value.

4.2. Force/magnetism-driven THz polarization modulations
based on CARR cavities

In the aforementioned pressure-sensing process, orthogonal
CARR cavity lengths were adjusted. Simultaneously, the relative
time differences of the orthogonal THz polarization compo-
nents were also changed, which would result in a conversion
of the output THz polarization state. Following this clue, we con-
tinued operation on the above octagonal setup and applied the
stress only at the exit of the tubular cavity, as shown in Fig. 6(a).
Then the inner diameters of Dh and Dv were varied slightly
around the rear of the tube, which would not significantly affect
the CARR effect, but would change the optical path and the

Fig. 6. THz polarization modulations by the octagonal paper cavity. (a) Schematic of the external force applied on the rear of the cavity; (b), (c) time variation of the
THz waveform peak retrieved from the orthogonal polarization components; (d) evolution of linear-elliptical-circular polarization states of the output cavity mode;
(e) magnetism-driven scheme of THz polarization modulation by attaching a magnet at the tube port, which is then exposed to the external magnetic field;
(f), (g) deformation of the tube’s cross section with orthogonal cavity lengths being varied. (a)–(d) Adapted with permission from Ref. [16], © The Optical Society.
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relative arrival time of two orthogonal THz components at the
exit. This can be seen from Figs. 6(b) and 6(c), which show the
temporal locations of the THz waveform peak in horizontal and
vertical directions. In this case, the output THz polarization state
of the propagation mode along the cavity can be fine-adjusted.
As shown in the upper row of Fig. 6(d), transforms from the
original linear to elliptical and circular polarization were real-
ized. Furthermore, when stresses along the y axis were applied
on the paper cavity of Fig. 6(a), the polarization of the cavity
mode would also be varied, as shown in the lower row
of Fig. 6(d). By contrast, the chirality has been changed from
the left-hand polarization (upper) to the right-hand pattern
(lower).
It is worth noting that this method of correlated orthogonal

polarization modulation with only one physical impact in one
direction could be more efficient than conventional methods
to change the optical path of one single polarization compo-
nent[47]. Furthermore, not only the ambient force, but also the
magnetic field, etc., can be used to drive the CARR cavity, thus
making related THz devices versatile. For example, we attached
a small magnet at the tube port, as shown in Fig. 6(e), which
was then positioned in a magnetic field. In this situation, the
orthogonal cavity lengths will change synchronously [Figs. 6(f)
and 6(g)], achieving a similar purpose of polarization conversion
to Fig. 6(d), but in a magneto-optic manner.

4.3. Single-pulse measurements of the THz angular
dispersion

In previous applications, only resonant frequencies f m were
studied when the tube inner diameter D was changed, which
was based on the relationship shown in Eq. (1). Actually,
deduced from Eq. (1), θm can also be computed by

θm = arccos

�
c
2D

�
f m
m

�
: (2)

This equation can be utilized to resolve the θm (m = 1, 2, 3)
belonging to the resonant frequency f m (m = 1, 2, 3), as shown in
Fig. 7(a). Figure 7(b) further indicates the actual scenario of a
Gaussian beam incidence into the CARR cavity and θ varied
with the THz frequencies. Therefore, it is possible to retrieve
the spatially angular dispersion of a THz beam, i.e., θm − f m,
by merely detecting the transmitted THz–CARR spectrum
and doing calculations via Eq. (2). It is worth mentioning that
θ in Eq. (1) describes an average of the angle values for all fre-
quency components of the incident light. In other words, θ is
independent of THz frequencies in Eq. (1), slightly different
from the case of Eq. (2).
One output THz spectrum from the system in Fig. 2(b) is

shown in Fig. 7(c). It can be seen that there are five resonant
frequencies, and the corresponding f m=m decreased, as shown
as the line slopes in Fig. 7(d). Based on Fig. 7(d) and Eq. (2),
the calculated θ − f are shown in Fig. 7(e), which decreased
from 87.5 deg to 86.7 deg with the increasing THz frequency.
This achievement is consistent with traditional methods such

as scanning THz imaging or knife-edge measurements (not
shown).
In similar ways, two additional measurements of the THz

divergence angle under different conditions have been carried
out in Figs. 7(f)–7(h) and 7(i)–7(k). First, we introduced an extra
TPX lens to enhance the THz beam focusing, thereby increasing
the divergence angle, which can also be resolved by our CARR
method, as shown in Figs. 7(f)–7(h). Second, we conducted
experiments on another widely used THz source, namely, fem-
tosecond laser filamentation[48–51], whose THz emission was
also detected by our CARR method. The results revealed an
increasing trend of the detected θ angle with respect to the fre-
quency [Figs. 7(i)–7(k)], which differs from the PCA experi-
ments [Figs. 7(e) and 7(h)] but aligns with the conclusions
in field of THz radiation during laser filamentation given by
the well-known off-axis phase-matching model[52]. Briefly,
as the two-color laser pulses propagate along the filament, there
is an accumulation of their phase difference. Consequently, the
generated THz waves at different positions along the filament
exhibit different polarities, resulting in an interference pattern
in the far field, namely, a ring-shaped distribution. Specifically,
the phase matching for longer-wavelength THz components
requires a larger divergence angle (i.e., a smaller θ), while that
for shorter-wavelength components requires a smaller diver-
gence angle (i.e., a larger θ). This leads to a trend that low
THz frequencies are distributed in the outer ring with high
frequencies in the inner ring.
So far, this has proved the validity of the CARR cavity on

angular dispersion recording on the THz spectrum. All sig-
nals that need to be detected are single THz pulses in the
time domain and their spectrum can be obtained by the
Fourier transform. This CARR method has significantly sped
up the measurement processes compared with traditional ways
like scanning imaging and knife-edge detection, which need
multiple repeat measurements at different longitudinal loca-
tions of the THz beam before resolving its angular dispersion
information.

5. Brief Introduction to the Numerical Simulation
Method of the CARR Effect

In order to examine the experimental CARR effect, numerical
simulations can be performed by the commercial software
RSoft[15–17]. Our experimental parameters of D = 8–16mm,
t = 0.08mm, and n

0
= 1.6, as well as L = 15 cm and θ = 85 deg

were all taken into consideration while building the numerical
model. The software will sequentially simulate the result of
single-frequency THz waves passing through the waveguide
within the set frequency range and display the real-time THz
energy distribution along the tubular structures. After the fre-
quency scanning is completed, the transmission THz spec-
trum will be output, inside which resonant dips are clearly
observed. More importantly, these frequency positions can be
well explained by Eq. (1). This numerical simulation approach
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has been often used in our research on CARR, allowing us to
verify the experimental results under ideal conditions.

6. Conclusion and Outlook

In this work, we first reviewed the origins of the CARR mecha-
nism, highlighting its similarities and differences with existing
theories such as antiresonance and multimode interference.
Then, we emphasized its unique spectral characteristics that
are independent of cladding materials and geometries. Finally,
we explored diverse applications of CARR, including the
pressure sensing using paper-folded tubes, THz polarization
modulations driven by force or magnetism, and single-pulse
measurements of THz angular dispersion.

Looking ahead, the CARR effect promises to enable more
potential advancements in the fields of physics[53,54], biophoton-
ics[55], and material science, as achieved by the typical antireso-
nance mechanism, and future research could explore its use in
novel THz devices and systems, such as sensors, modulators,
and filters. Additionally, investigations into the optimization
of the CARR structure and the exploration of different tubular
materials may further enhance its performance and broaden its
practical applications. Currently, some works are still underway,
such as the CARR-inspired 360-deg leaky-wave antenna aimed
at THz wireless communications, and CARR tube-based appli-
cations involving 4D printing materials, soft magnetic materials,
and kirigami/origami materials, etc., as the cladding wall. It is
also worth mentioning that, although we proved the theory with
millimeter-diameter tubes and THz waves, the presented CARR

Fig. 7. (a), (b) θm− fm connection in the CARR principle; (c) THz transmission spectrum of the paper cavity with the THz source in Fig. 2; (d) corresponding resonant
frequencies at different orders m retrieved from (c); (e) calculated θ − f distribution by data in (d) and Eq. (2); (f)–(h) an additional TPX lens was inserted into the
THz beam to enhance the THz divergence angle, which was then detected by the CARR method; (i)–(k) THz radiation from a laser plasma filament was detected
by the CARR method. (a)–(k) Adapted from Ref. [17] under the license CC BY 4.0.
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technique promises to be generalized to tubular structures in
other sizes by using light sources with proper wavelengths after
carefully considering the scaling law. For example, along a laser
plasma filament with a diameter of ∼100 μm, the leaky F–P
effect might also exist[56]. Hence, this CARR principle has pro-
vided a new degree of freedom towards interactions between
light and tubular entities.
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