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Combination of hollow-core sapphire waveguide and immersion lens for
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The development of terahertz (THz) imaging methods is hampered by the low spatial resolution of traditional

diffraction-limited imaging systems, mainly due to the large wavelength of used radiation (from a few of mm to tens

of µm). To solve this problem, we have proposed a new method of THz endoscopy with subwavelength spatial

resolution, which is designed to study hard-to-reach areas of living organisms in vivo. A hollow-core sapphire

tube with polytetrafluoroethylene outer coating is used as a waveguide, in which the antiresonant principle of

radiation transmission is implemented. The waveguide and the immersion lens are optimized to provide high

optical characteristics in a given wavelength range to ensure the best focusing. Two immersion lenses made of

sapphire and silicon were developed and fabricated, which were then mounted on plane-parallel windows fixed

on the rear end of the waveguide. The study of the field intensity distribution on the shadow side of the glqq

waveguide−lens“system revealed a focal spot diameter of ≃ 0.2λ in the case of a lens made of sapphire and

≃ 0.3λ in the case of a lens made of crystal silicon at a wavelength λ = 500 λm, which significantly exceeds the

Abbe diffraction limit. This agrees with our numerical predictions and demonstrates the promise of using the

proposed endoscope for measurements with subwavelength resolution.

Keywords: terahertz radiation, terahertz imaging, endoscopy, subwavelength spatial resolution, Abbe diffraction

limit, solid immersion effect.

DOI: 10.61011/EOS.2023.06.56674.123-23

Introduction

Various applications using terahertz (THz) radiation have

the potential to be applied in various socially and industrially

important areas [1], such as medical diagnostics [2] and

therapy [3], non-destructive testing of materials [4], quality
control of medicines [5] and foodstuffs [6], as well as safety-
related tasks [7]. However, despite the rapid development

of THz technologies, their capabilities are limited to a

significant extent by a number of problems in the field of

THz optics hardware components, two main of which will

be in the focus of this study.

The first challenge is the lack of commercially available

waveguides and fibers for delivering radiation of this range

to hard-to-reach objects of study and/or targets [8]. By now,

there is a fairly large list of designs that use various physical

mechanisms for transmitting radiation, for example, plane-

parallel [9] or tubular [10] metal waveguides, polymer

antiresonant or photonic-crystal waveguides [11,12], step

index fibers [13], porous fibers [14] and plasmonic waveg-

uides [15,16]. However, in many respects, the transmission

of THz radiation over long distances with the help of above-

listed technical means is difficult due to large dispersion,

radiation losses during propagation, or radiation losses

during input/output. In addition, many waveguides do

not always have sufficient technological reliability, and also

have low thermal, radiation and chemical resistance [17].

These factors complicate the practical application of THz

waveguides, for example, the measurement of hard-to-reach

objects in healthcare or industry [17,18].
To cope with this challenge, it was previously proposed

to transmit THz radiation using profiled sapphire crys-

tals grown by the edge-defined, film-fed growth (EFG)
method [19]. The combination of the unique physical

and chemical properties of sapphire (high refractive index

and relatively low absorption coefficient in the THz range,

high mechanical strength, chemical inertness, thermal and

radiation resistance) with the possibility of growing profiled

crystals with a complex cross-sectional geometry and optical

quality of crystals in their body and on the surface makes

such sapphire waveguides an excellent supplement to the

pool of THz range hardware components. In previous

studies, the authors have developed and fabricated hollow

sapphire antiresonant waveguides [20] and photonic-crystal

waveguides [17] for low-loss radiation transmission, flexible

fibers [21,22] and fiber bundles [23,24] for imaging with

subwavelength resolution.

The second challenge is the low spatial resolution

of traditional lens and mirror focusing optical elements,

which is restricted by the diffraction limit of spatial

resolution (the so-called Abbe limit). Even for a

diffraction-limited THz optical system with the highest

possible numerical aperture, the spatial resolution is ≃ 0.5λ

(where λ is the radiation wavelength in free space)
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Figure 1. Schematic diagram of a THz endoscope based on a

hollow antiresonant waveguide. At the output of the waveguide, a

plane-parallel window is installed, on which an immersion lens is

fixed.

and is usually a few hundred microns (or even a few

millimeters) due to the long wavelengths in the THz

range [25].
Currently, there are several methods of THz imaging

with spatial resolution exceeding the Abbe limit. For

example, the THz scanning probe near-field microscopy is

able to distinguish field inhomogeneities with a strongly

subwavelength spatial resolution (∼ 10−3−10−4λ) [26,27].
Unfortunately, these methods have a limited field of view,

low speed and extremely low energy efficiency, which

means that they require the use of powerful sources and

sensitive THz radiation detectors. The solid state immersion

method is a good alternative to near-field scanning probes

because it provides a trade-off between resolution, operation

speed and energy efficiency [28–30]. The latest results are

indicative of the possibility to determine the distribution of

the optical properties of the sample over the focal plane

with a resolution of up to 0.15λ. And due to the absence of

subwavelength elements (such as probes and diaphragms)
in the optical scheme, a much higher energy efficiency is

achieved than in near-field imaging methods.

The purpose of this study was to develop and test

a new method of THz endoscopy with a spatial res-

olution exceeding the Abbe limit. Schematic diagram

of a THz endoscope, which combines the possibility of

transmitting radiation with low losses using a sapphire

waveguide and the localization of waveguide modes at

the output by a solid immersion (SI) lens, is shown in

Fig. 1. The lens is located on the inner side of the

waveguide and is fixed in the center of a plane-parallel

window. The waveguide is made of a sapphire (α-Al2O3)
tube with polytetrafluoroethylene (PTFE) coating [31].
Materials with a high refractive index and, at the same

time, low absorption were selected for the manufacture

of the
”
SI-lens−plane-parallel window“ assembly: high-

resistivity float-zone silicon — HRFZ-Si) and sapphire

(nHRFZ-Si ≈ 3.41 and nsapphire ≈ 3.07 for a frequency of

ν = 1THz). The intensity distribution of the THz field

at the output of the endoscope was recorded using a

scanning system, where a backward-wave oscillator (BWO)
was used as a source of continuous radiation with a

maximum output power at the incident radiation wavelength

of λ = 500µm.

The measurement results show that a focal spot of

intensity with spatial dimensions of ≃ 0.2λ is formed at

the output of the THz endoscope, which is consistent with

numerical predictions and confirms its ability to ensure a

subwavelength spatial resolution. The developed endoscope

is a promising tool for use in studies of soft biological tissues

and aggressive media.

Development and fabrication of a THz
waveguide based on a hollow sapphire
tube

For the tasks of THz endoscopy, it was necessary to

find a trade-off between minimizing the size of the entire

system (in particular, the diameter of the waveguide) and

maintaining the energy efficiency. In order to optimize

the cross section of an antiresonant waveguide based on

a polymer-coated sapphire tube, a series of numerical

calculations of waveguide characteristics for various cross-

sectional geometries was carried out. As a result, a sapphire

tube with inner and outer diameters of 6.3 and 7.6ṁm,

respectively, was chosen, the c axis of the sapphire crystal

was directed parallel to the optical axis of the waveguide,

and the PTFE coating thickness was 0.4mm. With the

above-specified geometry parameters, the waveguide will

transmit radiation in a quasi-single-mode operation, which

will allow only the fundamental mode to be taken into

account in the modeling. The polymer coating is a heat-

shrinkable tube; to ensure a uniform and tight fit of the

shell to the sapphire surface, the workpiece was held for 30

min in a muffle furnace at a temperature of 350◦C.

It is worth noting that a similar structure of antiresonant

waveguide was described in the earlier study of the

authors [20], so here the detailed description of the process

of manufacturing such a tube by the EFG method is omitted.

Fig. 2, a shows a photo of the fabricated waveguide

with a length of 50mm, and Fig. 2, b shows the intensity
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Figure 2. Hollow antiresonant THz waveguide based on a PTFE-

coated sapphire tube. (a) Photo of the waveguide. (b) Intensity of

the I ∝ |E|2 mode in the waveguide cross section at λ = 500µm.

(c) FDE numerical modeling data for the effective refractive index

nef and propagation loss α (in terms of power) of the fundamental

mode.

distribution of the fundamental mode I ∝ |E|2 (where E is

electric field vector) in the waveguide cross-section.

Fig. 2, c shows the results of numerical modeling of

the optical characteristics of the waveguide fundamental

mode obtained using the finite-difference eigenmode (FDE)
method [32] in the ANSYS Mode software. Dependences

of the effective refractive index nef(λ) (the real part of

the complex refractive index) and the intensity attenuation

coefficient α(λ) for the fundamental mode are shown. The

modeling was carried out taking into account both the

THz optical properties of sapphire and various technological

limitations imposed due to the use of the EFG method.

Birefringence in sapphire crystals was taken into account

by determining the dielectric properties of the medium in

tensor form, however, as can be seen from Fig. 2, b, almost

all of the mode energy is localized in the hollow channel,

which minimizes the effect of crystal anisotropy on the

properties of the waveguide [17,19,33].
When a THz wave propagates from a BWO-generator

(λ = 500 µm), the losses are α ≃ 2.6 dB/m, which makes it

possible to consider such a waveguide as weakly absorbing.

Also, it is worth to note that the mode has a rather large area

(> λ2), and the field distribution is of Gaussian shape (the
mode intensity monotonically decreases from the optical

axes), which allowed us to model an SI-lens with a diameter

of no more than 2−3mm regardless of the waveguide

and consider the incident wave of the focusing element as

a plane wave. Taking into account the above-mentioned

considerations, a conclusion can be made that the intensity

level of the signal transmitted through a relatively short
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Figure 3. FDTD modeling of SI-lenses made of sapphire and

silicon at λ = 500 µ m. (a, c) Intensity of the I ∝ |E|2 field

in the axial cross-section of SI-lenses made of sapphire and

silicon, (b, d) focal spot on the shadow side (in the free space),
respectively.

waveguide (in our case it is l = 50mm) will be sufficient

for successful recording of the field distribution at the

waveguide output.

Development of the SI-lens design

The SI lens is a hemisphere aligned with a cylinder

(the so-called
”
bullet“ geometry), where the radius of the

spherical surface is R, the diameter of the cylinder is 2R,
and the total thickness is L. This geometry was chosen

to achieve a greater ease of fabrication of the immersion

element. The process of interaction between the SI-lens and

a plane TEM-polarized wave was modeled by the finite-

difference time domain (FDTD) method [34]. To reduce the

computational complexity, the modeling of cylindrical (2D)
optical elements was used with the cross-section equal to

the cross-section of axially symmetric elements (3D), and a

scattered field with TM-polarization was considered. In [34]
such a 2D approximation gave quite relevant predictions for

3D SI-lens systems.

As a result of a series of FDTD modeling sessions,

geometric parameters of the SI-lens were optimized. First,

for the
”
bullet“ type geometry (inset in Fig. 3) the

dependence of the spatial resolution on the radius of the

spherical surface and base R and thickness L was studied.
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Due to the fact that the SI-lens is supposed to be fixed at the

center of a plane-parallel window at the waveguide output,

then the influence of such a window on the resolution of

the system was checked. Namely, an additional series of

calculations was carried out, in which the thickness of the

SI-lenses was reduced by a certain value and increased to

the initial value of L by a plane-parallel window of the same

material. Fig. 3 shows the FDTD modeling data for the

intensity distribution of the THz field I ∝ |E|2 in the axial

cross-section of the modified SI-lens design (Fig. 3, a, c) and
the focal spot on the shadow side of the SI-lens made of

sapphire and silicon, respectively (Fig. 3, b, d). The diameter

of the focal spot behind the lens was considered as the

spatial resolution δ (δ was equal to the full width at half

maximum (FWHM) of the intensity amplitude).
Fig. 4 shows the results of optimizing the geometry

of a SI-lens made of sapphire and silicon at an incident

radiation wavelength of λ = 500 µm. The lens radius R
was considered in the range from 0.1 to 5mm and the

reduced thickness L/(2R) was from 0.2 to 1 (Fig. 4, a, c).
Based on the results of numerical analysis, both the HRFZ-

Si SI-lens with R = 1mm and L = 1.6mm parameters,

and the sapphire SI-lens with R = 1mm and L = 1.5mm

demonstrated the focusing of radiation into a very small

focal spot located immediately behind the lens, which

means a record low spatial resolution (δHRFZ-Si = 0.136λ

and δSapphire = 0.152λ). In this case, both lenses have a

diameter of 2mm, which is small enough to fit inside

the waveguide. They can also be made by conventional

machining of a massive crystal. The panels in Fig. 4, b, d

show the results of studying the dependence of the

spatial resolution δ on the thickness of a plane-parallel

window using FDTD-modeling. As mentioned earlier,

the thickness of the
”
lens-window“ assembly remained

unchanged, and the window thickness varied from 0.1 to

1mm. The red dashed line shows the resolution value

δ for the initial immersion lens. For both sapphire and

silicon SI-lenses, reducing the lens thickness by 0.4ṁm

and supplementing it with a plane-parallel window to the

original thickness made it possible to further reduce the

beam caustic formed on the rear surface of the plane-parallel

windows.

Thus, it follows from the results of the numerical analysis

that the configurations of SI-lenses used are optimal and

provide subwavelength localization of the field at a small

distance behind the endoscope (≪ λ), where the focal plane

almost coincides with the rear (flat) surface of the SI-lenses.

Experimental characterization of the THz
endoscope spatial resolution

To experimentally determine the resolution of the imaging

system on the basis of the developed THz endoscope

and the BWO, an experimental setup was assembled, the

schematic diagram of which is shown in Fig. 5, a. A Golay

cell (an optoacoustic receiver) was chosen as the detector

of the transmitted intensity. A mechanical chopper was

used to modulate the intensity of the transmitted THz

wave. To visualize the field distribution in the focal plane

(immediately behind the plane-parallel window), a scanning
diaphragm with a diameter of λ was used.

It should be noted that the proposed experimental

imaging system will have a spatial resolution equal to

the diameter of the scanning aperture, i.e. will be equal

to λ. This is insufficient for a quantitative evaluation of the

subwavelength focal spot size (and, accordingly, the point

spread function of the system). For this purpose, another

measurement scheme was used, which involves 1D-scanning

using a test object with a sharp change in the spatial

distribution of the reflection coefficient [23,24,28,29,34].

The developed SI-lenses were fabricated and connected

to the waveguide (Fig. 5, b). First, the lenses were attached

to plane-parallel windows by polystyrene glue (Fig. 5, c, d),
then aperture diaphragms made of a conductive polymer

on a 3D printer and having an inner diameter slightly

larger than the diameter of the SI-lens were mounted on

the resulting assemblies (Fig. 5, b). The outer edge of the

diaphragm is a cylinder with a diameter exactly equal to the

outer diameter of the waveguide (it is needed as a fixator

at the end of the waveguide for the focusing element). The
diaphragm is needed to shutoff the peripheral part of the

fundamental mode (and higher-order modes) and to make

it easier to replace lenses during experiments. Other options

for assembling the
”
lens-window“ assembly at the end of

the waveguide are also possible: gluing the window to the

end or manufacturing a monolithic
”
tube-window“ assembly

directly in the process of growing a sapphire crystal using

the EFG method [35].

2D and 1D visualization methods were used to check the

value of the spatial resolution of the endoscope predicted in

the course of numerical modeling, as well as to visualize the

intensity distribution at the output end of the endoscope.

In the case of 2D visualization, raster scanning of the

wavefront in the focal plane was carried out by a diaphragm

with a diameter of λ, which was rigidly fixed on the

Golay cell and moved together with it on linear motorized

platforms under program control (Fig. 5, e).

In the case of 1D scanning, a metal blade was moved in

the focal plane in the direction parallel or perpendicular to

the polarization of the incident wave. The Golay cell was

located motionless and detected the change in the intensity

of the transmitted radiation depending on the position of

the blade (Fig. 5, f). From the value of the recorded

first derivative of the field intensity as a function of the

blade tip coordinate (i.e., the point spread function of the

imaging system) a conclusion can be made about the spatial

dimensions of the focal spot.

Fig. 6, a shows the experimental 2D image of the THz

field intensity I(x , y) immediately behind the rear end of the

waveguide without a lens, and the panels (b, c) show cross-

sections in perpendicular (OX) and parallel (OY ) directions
relative to the radiation polarization, respectively.
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As predicted earlier (Fig. 2, b), for an
”
empty“ waveguide,

the intensity of the fundamental mode decreases monoton-

ically from the center to the periphery of the cross-section,

and the mode size at half-height is ≃ 3λ (Fig. 6, b, c). These
results confirmed the ability of an antiresonant hollow core

waveguide to transmit radiation with a wavelength of λ.

However, it is clear that a waveguide without the SI-lens is

not suitable for the tasks, where the radiation needs to be

focused into a subwavelength spot.

Fig. 6, d shows the experimentally recorded image of the

THz field immediately behind the endoscope. Visualization

was carried out using a scanning diaphragm. This image

shows a much more local intensity spot, confirming that

the fundamental mode is focused by the SI-lens. However,

the THz image obtained in this way is limited by the

resolution of the scanning aperture with a diameter of λ,

which is ≥ 5 times higher than the expected subwavelength

resolution of the imaging system.

To quantify the parameters of the focal spot of the

SI-lens, 1D scanning with a metal blade was carried

out [23,24,28,29,34]. The scattering function of the system

is defined as the first derivatives of the THz field intensity

Optics and Spectroscopy, 2023, Vol. 131, No. 6
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cross-sections along the OX and OY axes passing through

the central peak (Fig. 6, f, g, Fig. 7, b, c).

In the case of a SI-lens made of sapphire, the focal

spot has subwavelength dimensions, i.e. 0.19λ and 0.2λ

in the directions of OX and OY , respectively, which

generally agrees with numerical predictions (Fig. 3, d). The

observed discrepancy < 25% between modeling predictions

and experimental data may arise due to discrepancies in

physical processes in a real 3D optical system compared

to the 2D modeled optical system, the influence of field

re-reflections from a plane-parallel window and waveguide

walls, as well as residual misalignments of the experimental

setup.

Despite the observed ≃ 15-times increase in the resolu-

tion for the waveguide in the case of using a sapphire SI-

lens, the resulting energy efficiency of the system decreases

due to Fresnel reflection from the window surface and

attenuation of the radiation in the sapphire. Indeed, the

integral power of the beam behind the waveguide decreases,

however, almost the same peak intensity is observed in

a small region around the optical axis for the waveguide

without (Fig. 6, a) and with a sapphire SI-lens (Fig. 6, d).
The signal-to-noise ratio (SNR) for a THz endoscope with

a sapphire SI-lens is ≃ 65 (Fig. 6, d), which is ≃ 1.6 times

less as compared to a waveguide without a SI-lens installed

on it (Fig. 6, a).

Fig. 7 shows the intensity cross-section obtained by

1D scanning and the assumed scattering function of the

silicon SI-lens; the spatial resolution evaluation showed

δ = 0.29λ, which exceeds the Abbe limit but differs by

more than 2 times from the modeling predictions. For an

endoscope with a silicon SI-lens, we have found a strong

decrease in the SNR value, which did not allow us to

perform 2D-visualization of the field intensity distribution

in the focal plane. Probably, for this geometry, a higher

manufacturing accuracy of the SI-lens and the plane-parallel

window is required, as well as an additional correction of

standing waves that arise between the back surface of the

plane-parallel window and metal elements (the scanning

diaphragm or the metal sharp blade).
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Conclusion

The designed THz endoscope has the potential for a

variety of THz applications, including probing and use in

aggressive environments [17,19,35]. However, before its

implementation in these complex fields, it is necessary to

solve a number of research and engineering problems. The

resolution, power efficiency and spectral bandwidth of our

endoscope can be improved by optimizing the waveguide

and SI-lens geometry. For example, its energy efficiency

can be improved both through further optimization of the

waveguide geometry and through the use of antireflection

coatings on SI-lenses or microstructures (to reduce Fresnel

losses) [36]. In addition, the modeling results are indicative

that the high-resolution region is kept when the lens diame-

ter R is increased to a few mm. This opens up opportunities

for increasing the energy efficiency of the endoscope.

Finally, for the development of THz probing systems, it

seems important to combine the developed endoscope with

devices based on the principles of continuous or pulsed

THz spectroscopy for remote quantitative evaluation of the

optical properties of the analyte [30], while for the tasks of

THz therapy it is necessary to test it together with powerful

sources of THz radiation [3].
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