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ABSTRACT

While terahertz (THz) technology offers a variety of applications in medical diagnosis, nondestructive testing, and quality control, its
acceptance in these practical fields is hampered by the absence of endoscopic systems, capable of sensing the complex refractive index of the
hard-to-access objects. In this paper, we develop the THz endoscope based on the hollow-core antiresonant waveguide, formed by a polytetra-
fluoroethylene (PTFE)-coated sapphire tube with the outer end closed by a monolithic sapphire window. The endoscope is attached to the
backward wave oscillator spectrometer to measure the sample reflectivity. By studying the well-known liquid and solid samples, we demon-
strate that analysis of the Fabry–P�erot resonance in the measured reflection spectra makes it possible to quantify the complex refractive index
of an analyte. Thanks to the advanced chemical inertness and thermal strength of sapphire and PTFE, the developed endoscope is capable of
operation in harsh environments, which broadens the range of its applications. Our findings pave the way for the THz technology use in a
number of demanding practical fields.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0207898

Terahertz (THz) technologies have been vigorously explored dur-
ing the past decades.1–8 Today, they offer a variety of applications in
medical diagnostics,9 nondestructive testing,10 quality control,11 etc.
These applications often rely on studies of the THz optical properties
of an analyte. Despite THz technologies becoming ubiquitous, its tran-
sitioning into such practical fields is hampered by an absence of the
THz endoscopes to study hard-to-access objects.9,12 In fact, in the visi-
ble–infrared range, a variety of endoscopic systems exist, allowing to
solve modern problems of biomedicine,13 industrial testing,14 environ-
mental monitoring,15 and sensing in harsh environments.16 In con-
trast, in the THz range, a lack of such systems is evident, which can be
attributed to the nascent state of endoscopy hardware and data
processing.9,17,18

Within a THz endoscope, an enabling technology is a THz fiber,
which was recently developed based on the different material plat-
forms, fabrication strategies, and guiding mechanisms;17,18 among

them: the metal tubes and planar waveguides, which guide THz waves
due to their reflections from the metal walls;19 single or multiple metal
wire-based plasmonic waveguides,20 including the wire medium;21

step-index dielectric fibers, which use the total internal reflection;22

and hollow-core waveguides exploiting the antiresonance23 or pho-
tonic crystal24 guiding mechanisms. While THz waveguiding over con-
siderable distances of meters and larger is still challenging, all the
aforementioned waveguides make possible efficient THz delivery at
distances of tens of centimeters with appropriate dispersion and loss,
making them suitable for endoscopy. Most of them are made of poly-
mers, metals, or both, having limited mechanical strength, chemical
inertness, and thermal and radiation resistance, which reduces their
capabilities in harsh environments. This drawback was mitigated, to
some extent, by using the sapphire shaped crystals produced by the
edge-defined film-fed growth (EFG) technique.18 Indeed, sapphire
(a-Al2O3) features high refractive index and low absorption at THz
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frequencies, together with mechanical and radiation strength, chemical
inertness, and biocompatibility; while the EFG technique allows pro-
ducing tens of centimeter-long optical-quality crystals with complex
cross sections, without expensive mechanical processing. In this way,
the EFG technique was applied to produce the hollow-core wave-
guides,25,26 single optical fibers, and fiber bundles.27

To date, only a few waveguides (mostly dielectric) were applied to
characterize hard-to-access objects using pulsed or continuous-wave
THz radiation.29–31 Even so, all these fiber-based systems were not
used to quantify the THz optical constants, as demanded by the major-
ity of THz applications. That said, many THz waveguides were used
for intrawaveguide refractometry, with a focus on sensing small
amounts of an analyte introduced into the waveguide.25,32 An alterna-
tive approach to measuring the THz optical constants of a hard-to-
access object is to use endoscopes based on either a pair of
fiber-coupled THz photoconductive antennas or a fiber-coupled THz
transceiver.33–35 They exploit THz wave generation and detection near
an object, while optical fibers are used to flexibly deliver pump and
probe laser beams to the THz emitter and detector. While such sys-
tems have already been applied to study the THz response of superfi-
cial tissues, they remain rare, expensive, and cumbersome. Thereby,
THz endoscopy remains challenging and requires further research and
engineering efforts.

In this paper, we report the THz endoscope, based on the hollow-
core antiresonant sapphire waveguide (Fig. 1). We use the antiresonant
guiding mechanism since it provides a compromise between the
dimensions of a waveguide core and the dispersion and propagation
loss of a guided mode.9,18 The waveguide is formed by a 50-mm-long
sapphire tube with inner and outer diameters of 6.3 and 7.6mm,
respectively. The tube is coated with a 0.4-mm-thick PTFE film and
terminated by a monolithic 1.055-mm-thick sapphire window from
the side of an object. Together with the in-house backward wave oscil-
lator (BWO) spectrometer, the waveguide is used to measure reflectiv-
ity (by power) of different test media, the THz optical properties of
which were characterized a priori using the in-house transmission-
mode THz pulsed spectrometer (TPS). The test media include

de-ionized water, pure propylene glycol (PG) and its aqueous solu-
tions, 96% ethanol, glycerol, and gelatin. Since our endoscopic system
allows us to measure only the power reflection spectra, it seems like it
does not allow us to collect enough information to characterize the
complex refractive index of a sample ~n ¼ n0 � in00 � n� i c0

4p� a,
where n0 � n is the refractive index, a is the power absorption coeffi-
cient, � is the frequency, and c0 ’ 3� 108 m/s is the speed of light in
free space. However, instead of using simple refractometry, we resort
to studying the Fabry–P�erot resonances excited in the reflection spec-
tra due to the standing waves inside a sapphire window in contact with
an analyte. Analysis of the position and the modulation depth of such
resonances allows us to quantify both the n- and a-parameters. Studies
of a variety of test samples and comparisons of the endoscopic BWO-
based estimations of their n and a with the TPS data reveal the high
fidelity of the proposed approach. Moreover, thanks to the advanced
mechanical, chemical, and thermal performance of the sapphire and
PTFE materials used in the endoscope fabrication, we believe that it is
capable of operation in harsh environments, which even extends the
range of its applications.

In Fig. 1(a), a schematic of the experimental setup is shown. It
uses the in-house BWO as a continuous-wave THz emitter with the
output frequency tunable in the 0.55–0.715THz range, the �10�5�
linewidth, and the ’1–10mW output power. The off-axis parabolic
mirror with the 50mm diameter and the 100mm focal length is used
to focus the THz beam on the input end of the endoscope, while a con-
ical diaphragm in front of it minimizes the parasitic reflections and
prevents excitation of the higher order modes. The reflected THz sig-
nal is detected using the in-house Golay cell with the�10�5 V/W sen-
sitivity and the�10�1 s time response.

In Fig. 1(b), sapphire tube fabrication via the EFGmethod is illus-
trated, while in (c), a photo of the as-grown tube is shown, where the
sapphire c-axis is directed along the tube axis. In contrast to single-
point, two-point, or tube-shaped seeds applied for the crystal growth
initiation in Refs. 18 and 25, here, the 1.055-mm-thick c-cut polished
sapphire window is used both as a seed (during the growth process)
and as a monolithic flat outer window (during the endoscopy). For the

FIG. 1. (a) Schematic of the BWO-based experimental setup for the endoscopic reflectometry, where the insert shows the sapphire endoscope with an integrated window, atop
of which a sample is placed. (b) Schematic of the sapphire tube growth using the EFG technique and the c-cut sapphire window as a seed. (c) A photo of the as-grown sap-
phire tube with a close end (without a polymer coating). (d) A photo of the waveguide cross section (with a polymer coating). (e) and (f) THz optical properties of sapphire for
the ordinary ray, measured by TPS and compared with Ref. 28. (g) and (h) Numerical effective refractive index neff and power loss aeff of the fundamental mode, as well as the
its intensity IðrÞ at � ¼ 0:6 THz. Panels (d), (g), and (h) are adapted with the permission from Kucheryavenko et al., Opt. Express 31, 13366 (2023).26 Copyright 2023 Optica
Publishing.
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details of crystal growth, see the supplementary material. The as-gown
sapphire tube has the inner and outer diameters of 6.3 and 7.6mm,
respectively, the length of tens of centimeters. After the EFG-growth, a
50-mm-long piece was cut from the tube and coated with a 0.4-mm-
thick PTFE film via the thermal polymer shrinkage [Fig. 1(d)].

In Figs. 1(e) and 1(f), we show the THz optical properties of bulk
sapphire for the ordinary ray propagating along the c-axis, where our
TPS data agree with Ref. 28. In Figs. 1(g) and 1(h), we reproduce from
Ref. 26 the numerical data for the effective refractive index neff and
propagation loss aeff of the fundamental core-guided mode of our
waveguide, as well as its intensity IðrÞ at � ¼ 0:6 THz, or k ’ 500lm
(calculated using the finite-difference eigenmode method within the
ANSYS Mode software). As a first approximation for the spatial reso-
lution of our endoscope, we can consider modal diameter at the full-
width at half-maximum, which is 4.2mm, or�8:4k.

Thus, a fabricated endoscope was attached to the BWO spectrom-
eter [Fig. 1(a)] and applied to measure the power reflectivity of a sam-
ple Rsample ¼ Isample=Imirror, which is a ratio between the sample signal
Isample acquired with endoscope (reflected from the sapphire window
with a sample atop) to reference Imirror (reflected from the gold mirror
at the output end of an equivalent waveguide without a window). The
sample spectrum Isample shows an interference pattern caused by
the standing waves (Fabry–P�erot resonances) inside the window. The
resultant minima spectral positions �min and the reflectivity values Rmin

are directly related to the complex refractive index ~n of an analyte.36

Consider the reflectivity of a three-layer medium using a plane
wave approximation at normal incidence, which is valid as the angular
divergence for the THz beam leaving such a waveguide is <10�.37

When neglecting the radiation loss in the window, the Rmin and �min

take the following form:38

Rmin ¼ ~r12 � ~r23
1� ~r12~r23

����
����
2

; �min ¼ c0
4dn02

u
p
þ 2mþ 1ð Þ

� �
: (1)

Here, d is the window thickness,m ¼ 0;61;62 is an integer,

~r12 ¼ ~neff � ~n2

~neff þ ~n2
; ~r23 ¼ ~n2 � ~n

~n2 þ ~n
(2)

are the Fresnel reflection coefficients (by field), corresponding to the
endoscope (air)/window and window/object interfaces,

u ¼ arctan
2n02n

00

n022 � n02 � n002

� �
(3)

is the phase shift at the window/object interface, where ~neff ¼ n0eff
�in00eff � neff � i c0

4p� aeff , ~n2 ¼ n02 � in002 , and ~n ¼ n0 � in00 are the
complex refractive indices of the core-guided mode, sapphire window
[see Figs. 1(e) and 1(f)], and analyte, respectively. It is worth noting
that ~neff can be replaced by real unity, as seen from the numerical sim-
ulation [Fig. 1(g)]. In this case, ~r12 becomes purely real, while ~r23
remains complex. Using Eqs. (1)–(3), ~n can be then definitely esti-
mated from the Fabry–P�erot resonance parameters Rmin and �min. For
the details, see the supplementary material. The applied principle is in
stark contrast to the Fabry–P�erot sensors in the visible–infrared range
that commonly retrieve only the real refractive index while neglecting
the imaginary.39

The BWO-based endoscopic system is then applied to study the
THz refractive index n and power absorption coefficient a of several

organic media, common in biophotonics. Those include the de-
ionized liquid water, 96% ethyl alcohol, glycerol, PG, and a solid 15%
aqueous solution of gelatin, with a priori-known optical properties.40,41

In the THz range, the aforementioned liquids and their aqueous solu-
tions are used as hyperosmotic agents in the immersion optical clear-
ing of tissue,40,41 while gelatin is a key component of the tissue
mimicking phantoms.41

For the endoscopy, de-ionized liquid water, pure PG, or their sol-
utions with the PG volume fraction CPG ¼ 0–100% (their optical
properties were studied by TPS in the 0.1–2.5THz range in Refs. 40
and 43) were prepared by the volume–volume method and an ultra-
sonic stirrer and placed in a 3D-printed polymer cuvette atop the win-
dow [Fig. 2(a)]. The thickness of a liquid column over the window
was, at least, a few millimeters, which is much larger than the depth of
the THz wave penetration in these substances.40,41 For each sample,
several measurements were carried out to estimate mean n and a val-
ues, and their standard deviations. Due to the high hardness and
chemical inertness of sapphire, the endoscope geometry and optical
performance remain unaltered even after multiple reuses and cleaning
procedures.

In Figs. 2(b)–2(e), we show representative examples of the endo-
scope reflectivity curves for the empty cuvette (bare sapphire window),
cuvette filled with water (CPG ¼ 0%), 50% PG aqueous solution
(CPG ¼ 50%), and pure PG (CPG ¼ 100%), respectively. The experi-
mental reflectivity spectra clearly show the Fabry–P�erot resonance
minima near �min ¼ 0:6 THz. Their spectral position �min and reflec-
tivity value Rmin vary significantly with the sample optical properties n,
a. By analyzing changes in the two Fabry–P�erot resonance parameters
D�min, DRmin (as compared to an empty window), we deduced the n
and a values for liquids, which were found to match the TPS data
closely [Figs. 2(f) and 2(g)]. Also, we note that the measured optical
properties are well described by the Bruggeman model,41 while some-
what lower experimental values are attributed to the bonding of water
by PGmolecules.

In Fig. 2(h), the n and a values at 0.6 THz of pure water, ethanol,
glycerol, PG, and gelatin are retrieved from the endoscopy and TPS,
where an excellent correspondence between the two datasets is evident.
From this, we conclude that the developed endoscopic system and data
processing algorithm allow high fidelity estimation of the THz optical
properties of an analyte for a wide range of n and a values, both in
strong (a � 100 cm�1) and weak (�10 cm�1) absorption limits. Some
discrepancies between endoscopic and TPS data observed for gelatin
and water are attributed to several factors. In fact, the quality of
reflection-mode measurements can be affected by the parasitic reflec-
tion from different elements of an endoscope, such as the aperture,
input waveguide edge, and its holder. Also, inhomogeneities can be
present in the gelatin (such as small air bubbles41), thus, reducing its
THz optical constants.

The developed system and method for endoscopic sensing of the
complex refractive index of analytes have strong potential for various
THz applications, including medical diagnostics of hard-to-access tis-
sues and internal organs.9 Nevertheless, to objectively uncover the
strengths and weaknesses of this method in such applications, we need
to study more realistic objects, such as healthy and pathologically
altered tissues, which we postponed to our future work.

For real-world applications, further optimization of the setup and
method is in order. The endoscope’s outer diameter should be reduced
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to ’3–4mm, which is preferable for minimally invasive diagnosis and
therapy.9 Considering the selected frequencies, guiding mechanism,
and material platform, the outer diameter of such a waveguide can be
potentially reduced down to these relevant values. Nevertheless, to pro-
duce such a waveguide, the EFG method should be aided by a delicate
mechanical processing, aimed at ensuring a high quality (�k=10) of
the waveguide cross section.44 The endoscope flexibility is desired,
which might require resorting to another THz fiber optics material, or
guiding mechanism.9,17,18 For this, the developed method can be
adapted for work with the flexible antiresinance23 or step-index22 poly-
mer fibers. The dimensions and complexity of the setup can be further
reduced, by using a portable diode emitter and a pyroelectric detector
of THz waves. The spatial resolution of our endoscope (8:4k) is
enough for some applications, such as sensing of homogeneous tissues
or large-scale pathologies (e.g., non-melanoma skin cancers).9,12 To
study a smaller scale pathology (such as dysplastic skin nevi and mela-
nomas) or delineate the tumor margins, the resolution should be
improved to 0.1–1:0k by combining the endoscope with a solid
immersion optics.26 Here, we applied a somewhat impractical calibra-
tion procedure that involves rearrangements in the optical path to col-
lect reference and sample signals. A favorable alternative is formed by
common calibration and self-calibration methods, used in the
reflection-mode spectroscopy with no need for rearrangements.9,45

In this paper, we developed the endoscopic Fabry–P�erot sensor to
measure the THz complex refractive index of analytes. Our findings
justified the efficiency of the developed system and paved the way for
the THz remote sensing of hard-to-reach objects.

See the supplementary material for the details of the sapphire
tube growth and the inverse problem solution.
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