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Bunches or bundles of optical fibers find more and more applications in various fields of fiber optics, despite

the relatively low resolution of such devices, which does not exceed the wavelength λ. One way to cope with this

challenge is to use materials with a high refractive index, which will make it possible to achieve strong localization

of radiation modes in the fiber. This review describes the use of sapphire fibers with a high refractive index n > 3

for these purposes. They are used as the basis for fiber bundles operating in the terahertz (THz) range and provide

imaging with a spatial resolution that exceeds the Abbe diffraction limit for free space. Bundles of sapphire fibers

of various configurations are fabricated, consisting of arrays of parallel and non-parallel fibers, and their spatial

resolution is estimated theoretically and experimentally using both the analysis of the pair correlation function of

disordered fiber packing and the THz-imaging. In particular, for a bundle consisting of parallel metal-coated fibers,

the resolution varies along the aperture with an average value of 0.53 λ, and in some areas it can achieve 0.3 λ.

In the case of tapered fiber bundle with dielectric coating the resolution is 0.35 λ, which is much higher than the

Abbe limit. The developed principles can be transferred to any spectral range where materials for fiber optics with

a high refractive index are available. Finally, methods for reconstructing THz images of test binary objects obtained

using the proposed bundles are described.
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1. Introduction

In the context of rapid development of fiber optics,

optical fiber bundles are attracting more and more interest

in solving various problems of visualization and remote

sensing [1–3]. Such arrays of fibers with a dielectric coating

smaller than that of the fiber itself (or with a sputtered

metal coating) have already found their application in en-

doscopic biomedical imaging [4–6], thermography [7], pho-
toacoustics [8], fluorescent microscopy [9] and two-photon

microscopy [10], Raman imaging [11], holography [12], low-

coherence interferometry and depth-resolution imaging [13–
15], etc. In addition, fiber bundles can be included in

various equipment, including biomedical equipment [16–
19]. The high demand for compatible small form factor

optical systems suitable for high-resolution imaging and

sensing stimulates further development of new technologies,

materials, designs and image processing algorithms aimed at

increasing spatial resolution [20] and reduction of image arti-

facts inherent in fiber bundles [21]. For example, maximum

a-posteriori estimation, model-based reconstruction, and

machine learning techniques have been recently applied to

improve imaging performance using fiber bundles [22–24].
In most currently existing bundles, each fiber transmits

radiation independently of the others, or with little cross-

exchange of radiation energy between neighboring fibers.

Then the spatial resolution of the bundle is defined by

the fiber packing period p, which cannot be less than the

diameter d of an individual fiber. For materials with a

low refractive index, the resolution of the fiber bundle is

approximately equal to the wavelength of the transmitted

radiation λ, further resolution improvement is impeded by

the difficulty of retaining the energy of the transmitted

mode in the core of the fibers, which have subwavelength

size [20,25]. It is for this reason that traditional optical fiber

bundles are not used for ultra-high resolution imaging [26].

As an alternative to imaging with a bundle of opti-

cal fibers, the use of a single multimode fiber can be

considered [27]. The disadvantage of such systems is

the need for time-consuming calculations when searching

for exact solutions to incorrect inverse problems. Image

reconstruction is also sensitive to intermodal beats and

changes in fiber guiding properties because of bending.

Another method to achieve high spatial resolution is the

use of so-called fiber-wire media [28–30], when dielectric

fibers are replaced by metal wires. They are suspended

in the free space between the object plane and the image

plane and operate as independent plasmonic waveguides.

Due to the strong localization of plasmonic modes near the
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surface of metal wires, it is potentially possible to create an

imaging system based on such fiber media with a resolution

of up to ∼ 10−1λ [28]. However, the additional losses that

occur in the sheath of metal wires, scattering, and interwire

energy exchanges reduce the efficiency of the fiber-wire

media. These problems can be partially solved by placing an

array of metal wires in a dielectric material, which acts as a

protective sheath and minimizes the impact of the environ-

ment [31,32]. However, this approach significantly increases

the absorption and scattering of plasmonic modes, thereby

reducing the main attraction of using fiber media [33].
Recently, it has been proposed to use bundles of optical

sapphire fibers to overcome the Abbe resolution limit in the

THz range [25], due to the high refractive index of sapphire.

Such fibers combine the unique physical properties of

sapphire (in addition to the high refractive index, it features

a low absorption coefficient, chemical inertness, mechanical

and radiation resistance) with the technological advantages

of growing crystals with the edge-define, film-fed growth

(EFG) method, which allows the production of high quality

flexible fibers directly from the Al2O3 melt without machin-

ing of crystals [34,35]. Theoretical and experimental studies

of sapphire fiber bundles have confirmed their capabilities in

subwavelength imaging [25] with low resolution, up to 0.3 λ.

In addition, despite the increased resolution, the recording

of the THz image read from the output facet of the fiber

bundle (image plane) is a non-trivial task, which is actually

a common problem for both optical fiber bundles and wire

carriers. Indeed, bundles (or wire carriers) transmit near-

field THz inhomogeneities from the object plane to the

image plane, while image reading with a subwavelength

resolution still requires a near-field imaging system with

a scanning probe. This greatly limits the practical utility

of such optical fiber assemblies and wire media. In order

to solve this problem, it was proposed to use a tapered

bundle of sapphire fibers with a high refractive index in the

THz range [36]. Subwavelength diameter fibers are tightly

stacked in the object plane (input plane of the bundle)
for the near field sampling with subwavelength resolution.

Then, the fibers diverge from the object plane and thus

”
stretch “ the captured near field, after which the field is

read from the image plane using conventional diffraction-

limited optics. Such a tapered fiber bundle was first studied

numerically, and then fabricated and studied experimentally

at a frequency of 0.33 THz. It has been confirmed that

the fiber bundle has a resolution that exceeds the Abbe

limit [36].
This review will discuss the prospects for using fiber

bundles of various configurations to record THz images

with subwavelength spatial resolution. First, bundles of

parallel fibers are considered. In a bundle made up of

metal-coated fibers, the resolution varies along the aperture

with an average value of 0.53 λ, and in some areas it can

achieve 0.3 λ. Second, a bundle is considered made up of

tapered sapphire fibers with a dielectric coating, where the

image is read using diffraction-limited optics and reaches an

average of 0.35 λ. The developed imaging principles will

make it possible to overcome the 0.5 λ diffraction limit of

spatial resolution with focusing in the free space and adapt

almost any conventional diffraction-limited optics for near-

field applications.

2. Bundle of parallel fibers

The section is organized as follows. First, information

about the schematic diagram of the fiber bundle will be

given and the resolution parameter δ will be calculated for

several excited modes in a metal-coated fiber. Then, the

process of fabricating parallel-laid fiber bundles of various

configurations is shown. Then, the calculation of the

experimental spatial resolution of a bundle of metal-coated

optical fibers with an imperfect lattice is presented both

on the basis of analysis of its pair correlation function

and with direct measurement. Finally, an approach to

the reconstruction of an image obtained using a bundle of

parallel fibers with an imperfect lattice is described.

2.1. Schematic of the parallel fiber bundle
and maximum spatial resolution estimate

To demonstrate high-refractive-index fiber bundles, the

terahertz (THz) frequency range was considered, and

crystalline sapphire was chosen as the material platform (the
refractive index along the c axis is n0 > 3 for the above-

mentioned range). Fig. 1, a, b shows the schematics of fiber

bundles with metal and dielectric environments.

Let us consider a bundle of fibers located at the nodes of

an ideal close-packed hexagonal lattice, as shown in Fig. 1, b.

Here d, T and p are the fiber diameter, the hexagonal lattice

period, and the metal coating thickness, respectively. In

the case of metal-coated fibers with a coating thickness

much greater than the thickness of the skin layer at a

given operating frequency, the radiation can be considered

to be transmitted through each fiber independently without

energy exchanges between neighbor fibers [1], and in the

case of a dielectric coating this effect may be present.

It is known that for each mode that propagates in the

fiber, there is a cutoff excitation frequency, i.e. this mode

exists only at frequencies above the limiting one, which

generally depends on the fiber diameter and the refractive

index of the core. Let us write an expression for the

wavelengths corresponding to the cutoff frequencies for the

transverse magnetic (TMm,n) and transverse electric (TEm,n)
modes in the core of a metal-coated dielectric fiber [1]:

λTMm,n =
πncored
γm,n

, λTEm,n =
πncored
ψm,n

, (1)

where ncore is refractive index of the fiber core,

d is fiber diameter, γm,n = 2.40, 3.83, 5.14, . . . and

ψm,n = 1.84, 3.05, 3.83, . . . are roots of the Bessel function

of the 1st kind of order m and roots of its first derivative,

respectively; m, n = 0, 1, . . . , N. Let us define the spatial

resolution of the fiber bundle as the period T or the
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Figure 1. A bundle of dielectric fibers with a high refractive index and with a metal coating. (a) Schematic of the fiber bundle.

(b) Theoretical estimation of the normalized bundle resolution δ as a function of the fiber core refractive index ncore for several lower

order TM and TE fiber modes. Vertical dashed red lines in (b) correspond to the refractive indices of several common crystalline optical

materials at a frequency of 0.5 THz [37]. Panels (b, c) are adapted from [25] with permission from Wiley publishing house.

diameter d (assuming p ≪ d, therefore T ≈ d), normalized

to the operating wavelength λ. The maximum achievable

spatial resolution δ is estimated as a function of ncore:

δmin = min
m,n

[

d
λTMm,n

,
d
λTEm,n

]

= min
m,n

[

ym,n

πncore

,
ψm,n

πncore

]

≈ 1.84

πncore

≈ 0.59

ncore

, (2)

it is minimal for the TE11 mode. Due to the fact that

this mode has an angular momentum of m = 1, it can

be effectively excited with linearly polarized light, and

thus with most THz field sources such as photoconductive

antennas and backward wave tubes. Fig. 1, b shows the

parameter δ as a function of ncore, calculated for several

low-order modes at their cutoff frequencies. Vertical

dashed red lines show the refractive indices at 0.5 THz

of three representative crystalline THz optical materials,

namely crystalline quartz, sapphire, and high-resistivity float

zone silicon (HRFZ-Si) [37]. Among them, sapphire and

silicon have the highest refractive indices, however, only

sapphire seems to be technologically suitable for use in

fiber optics [38]. As ncore increases, the bundle resolution

parameter δ decreases monotonically and achieves deep

subwavelength values of ≈ 0.2 for the TE11 mode, when

ncore > 3.0 . The corresponding intensity profiles of modes

are shown in the panel inset (b).

The described approach to increasing the resolution of

the fiber bundle is general and can be implemented for

any region of the electromagnetic spectrum if materials

Optics and Spectroscopy, 2023, Vol. 131, No. 6
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with a high refractive index are available [39]. Taking

into account that the refractive index of most dielectric

materials increases with increasing λ due to the contribution

of various electric dipole excitations (which is determined

by the Kramers-Kronig relations [40]), a conclusion can be

made that the described concept is especially effective at

low frequencies and in particular in the THz range [39].
In conclusion, it should be noted that the above analysis

is also valid for bundles of optical fibers with a dielectric

coating except for some modifications. In such fibers, the

field does not become zero at the boundary but should

remain a continuous function; in addition, the refractive

index ncladd of the sheath must be taken into account.

Neglecting the radiation losses in sapphire, the following

can be written [41]

δmin =
γ0,1

π

√

n2
core − n2

cladd

, (3)

where γ0,1 are roots of the Bessel function of the 1st kind

of the 1st order. However, in the case of such fiber bundles

there is an energy exchange between neighbor fibers, which

will also adversely affect the properties of such a dielectric

fiber bundle.

2.2. Fabrication of the bundle of parallel sapphire
fibers

Sapphire fibers are fabricated by the EFG growth tech-

nique using an automated system based on a weight

sensor [42–44]. Using this growth method, it seems possible

to produce sapphire-shaped crystals with a complex pre-

defined cross-sectional geometry, as well as with a high

quality of the surface and body of the crystal in the initial

state. Such crystals make it possible to solve many complex

problems in optics and photonics.

Fig. 2, a shows the schematic of the EFG setup for

fabricating round sapphire fibers with a diameter of

175−325µm, the length of the fabricated fibers can up

to ≈ 50 cm. Basic elements of the setup are a 22 kHz

induction-heated graphite susceptor and a molybdenum

crucible. Growth was initiated by a single-crystal sapphire

seed with the c axis directed along the growth direction,

and Verneuil crystals were used as the starting material

for melt formation. Sapphire fibers were grown from a

thin film of Al2O3 melt formed on the top of a capillary

die at a temperature of 2053◦C, the growth chamber was

filled with an inert gas (high-purity argon), the pressure

was 1.1−1.3 atm. The pulling rate was about 50mm/h.

During the growth process, the Al2O3 melt was rising to the

die through 0.25-mm-thick capillary channels. In general,

the fibers are grown using the technique and equipment

that was previously used for the one-step fabrication of

hollow sapphire microstructured THz waveguides, as well

as flexible sapphire fibers, which are described in detail

in [42,45–48]. The main difference between these exper-

iments and current studies is the use of a new molybdenum
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u
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Figure 2. Fabrication of the metal-coated parallel sapphire fiber

bundle. (a) Schematic of the sapphire fiber growth using the EFG-

technique. b) An in situ photo of the heating zone of the fiber

growth in a multirun regime. (c) Photo of the sapphire fibers in

a metal holder after vacuum sputtering of niobium (Nb) metal

coating on their outer surface. (d) Photo of the fiber bundle,

assembled inside a sapphire tube, fixed using epoxy, and mounted

in a holder for grinding and polishing of the bundle end surfaces.

The figure is adapted from [25] with permission from Wiley

publishing house.

matrix (Fig. 2, a), as well as the possibility of growing fibers

in a group mode (Fig. 2, b ) [25], specially designed for the

simultaneous fabrication of dozens of sapphire fibers in a

single production cycle.

The grown sapphire fibers were cut into pieces and used

to fabricate two types of parallel-laid bundles: metal-coated

and dielectric-coated. Moreover, the metal-coated fibers

were laid close to each other, and the dielectric fibers were

laid with a certain period T exceeding the fiber diameter,

in order to avoid energy exchange between neighbor fibers

(the cross-talk effect).

The fibers intended for the fabrication of a bundle of

sapphire fibers in a metal-coated dielectric matrix were

placed in a metal holder for vacuum sputtering of a niobium

(Nb) metal layer with a thickness of ≈ 300 nm (Fig. 2, c).
The Nb coating was applied by vacuum sputtering using a

Leubold-Heraeus Z-400 setup. In the process of sputtering,

the holder with fibers was rotated to ensure a uniform

coating thickness on the surface of the fibers. The sputtering

was carried out in the atmosphere of high-purity argon at a

pressure of 6 · 10−3 mbar. The growth rate of the Nb film

was ≈ 4 nm/s. When sputtered on a reference flat substrate
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under equivalent conditions, the effective thickness of the

Nb coating on the fibers was estimated as ≈ 300 nm.

After the metal was sputtered on the surface, the fibers

were assembled into a bundle inside a hollow sapphire

tube with an inner diameter of 6ṁm; the bundle was

impregnated with epoxy, which was then cured to increase

the mechanical stability of the bundle (Fig. 2, d). Finally, the
bundle was cut into pieces, which were then ground and

polished on both sides. The resulting sample with a length

of 20mm is shown in Fig. 3 b together with a micrograph

of one of the bundle facets.

The fabrication of a bundle of sapphire fibers of the

second type included several stages. First, regular arrays of

holes are formed in the metal foil, the diameter of each hole

is slightly larger than the diameter of the fiber. The relatively

large spacing between holes should ensure that the THz field

is transmitted independently in each fiber and minimizes

the energy exchange between neighbor fibers. Then, the

sheets of metal foil with holes are fixed at a certain distance

(approximately 2 cm). Then, sapphire fibers are introduced

into the foil holes (in pilot experiments, fibers with a

diameter of 300 + / − 25µm were used); the fibers form

a simple cubic lattice. The entire structure is impregnated

with ED-20 epoxy resin with well-known optical properties

in the THz range [49] with its subsequent curing. At the

end, ends of the resulting structure are ground and polished

and the metal foil is removed. A photo of a sample of the

fabricated fiber bundle is shown in Fig. 3, a.

2.3. Experimental measurement of the optical
properties of sapphire fiber bundles in the
THz range

This section will present the results of studying the

properties of a sapphire fiber bundle with a metal coating

(the results of studying the properties of a fabricated

sapphire fiber bundle with a dielectric coating will be

presented in future studies).

2.3.1. Numerical simulation of the radiation prop-

agation in a single metal-coated sapphire fiber.

The optical properties of the fabricated sapphire fiber

bundles were studied numerically and experimentally in

order to select the appropriate spectral operating range

for THz imaging. To numerically analyze the propagation

of radiation along a sapphire fiber, the finite-difference

eigenmode method implemented in the Lumerical Mode

Solutions software package was used [49]. Properties of a

single sapphire fiber with a diameter of 300µm surrounded

by an ideal electrical conductor were simulated. The

anisotropic THz optical properties of sapphire were taken

from [25]. Fig. 4, a shows the effective refractive indices

neff and propagation loss α (by power) for several low-

order modes as function of frequency ν , where the color

bar defines α in [dB cm−1]. Assuming that the c axis

of the crystal is directed along the fiber, the bulk THz

optical properties of sapphire are taken from [37], taking

a b

c

300 µm

500 µm

Figure 3. Bundles of parallel-laid sapphire fibers. (a) The pilot

sample of the 2 cm-long bundle made on the basis of cylindrical

sapphire fibers in a dielectric matrix, the fibers are arranged in

a 5× 5 (pixels) matrix, the distance between the fibers is about

450 µm (may differ due to the fact that the actually fabricated

structure is somewhat disordered, see the inset). (b, c) An example

of a metal-coated sapphire fiber bundle (the sample is 20mm

long) and a cross-sectional photo taken with an optical microscope.

Panels (b) and (c) are adapted from [25] with permission from

Wiley publishing house.

into account anisotropy, dispersion, and losses. It should

be noted that the exact characterization of the properties

of Nb coatings is a difficult task and is beyond the scope

of this review. Indeed, as it has been discussed in [50,51],
optical properties of metal films can differ significantly from

those of bulk metal because they are sensitive to the method

of metal film synthesis, as well as to the geometry of

the film and substrate (important are factors such as film

thickness, crystal domain size, film porosity, substrate type

and orientation, etc. [50,52]). That is why, in our numerical

calculations, we took the ideal boundary conditions of the

electrical conductor as the surface of the films, which is not

unusual for the THz range [33,53,54] and basically leads to

an underestimation of the propagation loss in the fiber.

It can be seen in Fig. 4, a that there are several modes

in a single sapphire fiber (TE01, TE11, TM11, TE01) in the

frequency range of 0.45−0.95 THz with losses in the range

of 2−9 dB cm−1. As mentioned above, linearly polarized

light can only excite modes with angular momentum m = 1,

i. e. TE11 and TM11. In addition, the loss for each mode

increases significantly with increase in ν (due to the increase

in the absorption of THz waves in bulk sapphire at higher

frequencies) [37] and in the order of the mode. Due to

the fact that all fibers in a bundle operate independently, we

expect the fiber bundle as a whole to have optical properties

similar to those of a single fiber.

2.3.2. THz pulsed spectroscopy of a bundle of

sapphire fibers with metal sputtering. To experi-

mentally determine the THz optical characteristics of fiber

bundles, a THz pulsed spectrometer (THz-TPS) was used,

the measurements were carried out in the
”
transmis-

sion“mode, which was previously used in [43]. The setup

Optics and Spectroscopy, 2023, Vol. 131, No. 6
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Figure 4. Numerical and experimental study of the waveguiding properties of a sapphire fiber bundle with metal sputtering. (a) FDE-

calculated effective refractive index neff and propagation loss α (by power) as a function of the frequency ν for some lowest-order guided

modes of a 300 νm-diameter sapphire fiber coated with a perfect electric conductor. (b) Schematic of the fiber bundle experimental

characterization in a THz pulsed spectrometer. (c, d) Experimentally measured effective refractive index neff and loss α of the fiber bundle;

(e, f) time-domain waveforms E(t) of the THz pulsed spectrometer for the sapphire fiber bundle samples with lengths of l = 3.75 and

6.30mm, respectively. The figure is adapted from [25] with permission from Wiley publishing house.

used photoconductive antennas made of LT-GaAs (BATOP
GmbH) as a generator and detector of THz pulses. To excite

nonequilibrium carriers in the antennas, a FemtoFErb 780

fiber laser (TOPTICA Photonics AG) was used that gen-

erated femtosecond laser pulses with a center wavelength

of 0.786µm, a duration of 93 fs, a pulse repetition rate

of 98.59MGz, and an average output power of 68.9MW.

The laser beam power was divided equally between the

pump and the probe channels and was then attenuated in

the optical path to provide the average 20MW power in

the arms of the spectrometer. Optical delay between the

pump and probe pulses was varied using a double-pass

linear mechanical delay stage (Zaber Technologies), with

the positioning accuracy of < 3µm and the maximal travel

distance of 101.6mm. The generated THz radiation was

modulated at 10 kHz for further synchronous filtration. The

pulse signal E(t) was recorded with a 0.05 ps time-domain

step. The duration of the recorded pulse was 100 ps, the

resolution in the frequency domain was 10GHz. The signal

integration time was taken equal to 0.1 s, while no waveform

averaging was used. During the measurement, the THz

beam optical path was purged with the nitrogen gas to

minimize the absorption of radiation by water vapor.

Fig. 4, b shows schematic of the part of the spectrometer

with the waveguide under study. The emitted THz

wave was collimated using a combination of the HRFZ-

Si hemispherical lens (rigidly mounted onto the generating

antenna) and the polymethylpentene (TPX) lens playing

a role of corrector of spherical aberrations and mounted

on a separate post; both lenses came from Batop GmbH.

Optics and Spectroscopy, 2023, Vol. 131, No. 6
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The resultant collimated THz beam has a diameter of

25.4mm. A single planoconvex TPX lens (focusator) with

a focal length of 76.2mm and a numerical aperture of

NA = 0.16 was used to focus the THz beam onto the

input end of a fiber bundle through a diaphragm with a

diameter of 5.5mm. After propagating through the sample,

the THz beam was collimated again by another TPX lens

(collimator) with a focal length of 76.2mm, and an identical

diaphragm was fixed at the output end of the bundle.

Finally, the beam was focused onto the antenna-detector

using a corrector/hemispherical lens pair described above.

The focusator was rigidly fixed, and the collimator was

mounted on a rail and could be displaced to accommodate

the fiber bundles of different lengths. As a result of the

measurement, both the amplitude and the phase of the THz

signal were recorded.

Due to the fact that the reconstruction of the effective

refractive index and loss for various guiding modes of a fiber

bundle is a difficult task [45], we used a different approach,

in which the effective guiding properties of the bundle are

determined, which can then be qualitatively compared with

numerical data. For this purpose, two TPS waveforms E1(t)
and E2(t) of fiber bundle pieces with two different lengths of

l1 = 3.75mm and l2 = 6.30mm were measured. Based on

these two waveforms, the effective refractive index neff and

propagation loss α (by power) of the sapphire fiber bundle

were reconstructed as follows. Consider the fundamental

mode of an electromagnetic wave that propagates through a

sample with a length l2:

Ẽlarge(v, l) = exp
(

−i
2πv

c0

ñeffl2

)

, (4)

where ñeff is complex effective refractive index of the mode.

Next, consider a plane wave Esmall(ν, l), which propagates

through an equivalent sample with a shorter length l1. The
optical path lengths across the spectrometer cuvette for both

waveguides can be expressed as follows:

lopt 2 = ñeffl2 + lconst, (5)

lopt 1 = ñeffl1 + nair(l2 − l1) + lconst, (6)

where lconst defines a constant part of the THz beam path,

which is the same for both samples. The ratio of the

complex amplitudes of two frequency-domain signals can

be written in the following form:

Ẽlarge(v)

Ẽsmall(v)
=

=
exp(−i 2πvc0

nRel2) exp(− 2πv
c0

nlml2)

exp(−i 2πvc0
nRel1) exp(− 2πv

c0
nlml1) exp(−i 2πvc0

(l2 − l1))

=

(

−2πv

c0

nlm(l2 − l1)

)

exp

(

−i
2πv

c0

(nRe − 1)(l2 − l1)

)

.

(7)
Using this ratio of signals and assuming that the input-output

losses are the same for the two bundles, their influence

can be eliminated. Thus, neff and the power attenuation

coefficient α can be estimated as [46,55–57]:

neff = 1 +
c0

2πv

1

l2 − l1
φ

[

F+1
t [E2]

F+1
t [E1]

]

, (8)

a =
−20

l2 − l1
lg

∣

∣

∣

∣

F+1
t [E2]

F+1
t [E1]

∣

∣

∣

∣

, (9)

where c0 = 3 · 108mc−1 is speed of light in the free space,

F+1
t [. . .] is direct Fourier transform operator, φ[. . .] and

| . . . | are phase and modulus operators.

The reconstructed characteristics of fiber bundles together

with time-domain signals are shown in Fig. 4, c−f. The

errors in Fig. 4, c, d correspond to the confidence interval of

measurements ±1.5σ , where σ is standard deviation. We

believe, that the significant value of σ is related to the effects

of intermodal beats (which is expected for low-mode and

multimode transmission modes [45]), as well as to changes

in the optical properties of the bundle at different points

of the aperture. The measured effective refractive index is

consistent with the predicted values neff corresponding to

low order modes in individual metallized fibers. In turn,

the measured propagation losses α are ≈ 10 dB cm−1 in

the frequency range of 0.45−1.0 ,THz, which is several

times greater than those calculated numerically. The higher

loss α is due to the finite conductivity of the thin Nb

layer compared to the ideal electrical conductor used in the

simulation. In addition to the expected increase in α at high

frequencies due to the higher absorption of sapphire, losses

increase rapidly at frequencies below 0.5 THz, and below

0.45 THz, the fiber bundle turns out to be almost opaque.

Such a change in properties at lower frequencies may be due

to the multimode character of the radiation transmission.

Moreover, at frequencies below the fundamental cutoff

frequency

νcr ≤
1.84c0

πncore(d)
(10)

stable modes may not exist in the bundle at all. For an

average fiber diameter of d = 250µm, the cutoff frequency

is ≤ 0.2 THz. Considering that the diameters of the fibers in

the fiber bundle are different (Fig. 3, c), it can be expected

that some fibers of a smaller diameter will cease to conduct

light at even higher frequencies.

In the case of a bundle made in this way, the operating

frequency is chosen to be about 0.5 THz to maximize its

resolution. This operating frequency is deliberately chosen

close to the single-mode cutoff frequency of the sapphire

fibers that make up the bundle. At such frequencies, the

controlled mode is well localized inside the fiber core, and

its partial overlap with a lossy metal coating still leads to

controlled losses of ≈ 10 dB cm−1.

At the same time, operation near the cutoff frequency

leads to the smallest bundle resolution parameter δ due

to the quasi-single-mode operation of the fibers that make

up the pixels. More generally, due to the fact that the

system we have developed is purely linear, the same concept
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should be applied at higher frequencies with reduction of

the size of the bundle and fibers. A practical challenge,

however, is the reliable fabrication of the smaller diameter

fibers required for the subwavelength imaging at frequencies

above 1 THz. For example, subwavelength imaging at 2 THz

requires sapphire fibers with a diameter of ≈ 50−75µm (to
guarantee the single-mode transmission), which is beyond

the capabilities of the EFG technique. In addition, today

the most powerful yet quite affordable and compact THz

sources operate at frequencies of < 1 THz, and sources

above 1 THz are usually low-power. Moreover, one of

the key abilities of THz waves to penetrate objects that

are opaque to the eye (such as most dry dielectrics) is

mainly manifested at frequencies below 1THz; at higher

frequencies the material losses of dielectrics increase greatly.

Therefore, applications for detection, imaging and security

are often limited to the range below 1THz.

2.3.3. Experimental determination of the spatial

resolution of an imaging system based on a bundle

of metal-coated parallel sapphire fibers. In this

study, two different approaches to estimating the resolution

of a fiber bundle are proposed, taking into account the non-

ideal packing of fibers in a bundle. First, this is an analysis of

the pair correlation function of the disordered fiber packing,

and second, direct measurements using the
”
sharp blade“

method.

First, the disordered lattice formed by fiber center

coordinates was analyzed. For this purpose, optical

microscopy of facets of the fiber bundle was carried out

(Fig. 5, a shows an optical image of one of the facets

obtained with a microscope). By carrying out digital image

processing, the coordinates of fiber centers in the cross

section of the bundle were found. Then, Voronoi cells were

calculated for the resulting real lattice of fibers (shown in

Fig. 5, b, their color corresponds to the number of nearest

neighbors). Fibers with 6 nearest neighbors correspond to

well-structured bundle regions with an underlying hexagonal

lattice. In contrast, regions with either more or fewer nearest

neighbors correspond to an overpacked or underpacked

lattice. The disordering of the fiber packing leads to a

decrease in the spatial resolution because the hexagonal

lattice is the most dense packing of cylindrical fibers. Using

the obtained coordinates of nodes of a two-dimensional

disordered lattice, the pair correlation function g(r) was

calculated [25]:

g(r) =
1

m

∑

j

p j(r − r j), (11)

where r is vector in the bundle cross-section, m = M/S is

density of nodes (fiber centers) in the plane, M is number

of nodes inside the region S, p j(r) is the probability density

of locating a node in the position of the vector r around the

node j . In Fig. 5, c the pair correlation function calculated

on the basis of experimental data is compared with the pair

correlation function of an ideal hexagonal lattice. Due to the

fact that the resolution of a fiber bundle is determined by the

distance between two nearest fibers, in a disordered lattice

it can vary significantly across the aperture of the bundle.

In this case, the possible values of the spatial resolution of

the optical bundle should be characterized with the help

of the probability density function calculated using the first

peak of the pair correlation function (assuming that only the

nearest neighbors contribute to the formation of this peak).
It can be seen from Fig. 5, c that the first peak of the pair

correlation function (and hence the bundle resolution) can

be approximated using the Gaussian function:

p(δ) =
1√
2πσδ

exp

[

− (δ − 〈δ〉)2
2σ 2

δ

]

, (12)

with the mean value of (δ) = 0.53 and the dispersion

of σδ = 0.06. Both parameters are normalized to the

operating wavelength, which is taken equal to λ = 600µm

and corresponds to the lowest possible operating frequency

of ν ≈ 0.5 THz, as discussed in the previous section.

The proposed approach to estimating the resolution of

a fiber bundle is quite general and can be used for

any disordered fiber bundle, regardless of its operating

frequency [2–19], as well as for analyzing various fiber

media [28–32]. Thus, using only geometric data for a lattice

composed of fiber centers, the spatial resolution of the

bundle can be predicted, assuming that there is no energy

exchange between individual fibers.

The characterization of the spatial resolution of the

bundle was also carried out by conducting the so-called

”
sharp blade “ test. For this purpose, test opaque objects

with sharp edges (semi-infinite plane) were visualized at

a wavelength of λ = 600 (a frequency of ν ≈ 0.5THz),
the transmission of which can be defined by a Heaviside

step function. Then, the point spread function (PSF) of

the imaging system and, accordingly, its spatial resolution

are determined. The object is a strip of metal foil with a

straight edge. A backward wave tube (BWT) was used as a

source of continuous THz radiation, the spectral linewidth

was 10−5ν , the power was 10−2 W. A Golay cell [34] was
used as a beam intensity detector, which has a sensitivity of

10−5 V/W and a time constant of 0.1 s. A 22Hz mechanical

chopper was applied in order to modulate the THz beam

intensity, which was further demodulated by a detector.

The measurement scheme is shown in Fig. 5, d, and the

foil image in the THz range is shown in Fig. 5, f. The THz

image contains distortions caused by the disorder of the

bundle structure, as well as variations in the transmission of

the bundle over its aperture.

In the experimental setup, the displayed object is located

at a small distance (less than λ) in front of the input

facet of the bundle and is illuminated by a slightly focused

spatially homogeneous beam of THz radiation. With such

a small distance between the object and the bundle, the

geometric
”
shadow approximation“ is valid, according to

which the distribution of radiation in the object plane is

equal to the distribution in the plane of the input facet of
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Figure 5. Experimental determination of the spatial resolution of the fabricated sapphire fiber bundle with THz imaging at a wavelength

of λ = 600 µm. (a) Photo of a bundle facet taken with an optical microscope, where r j defines the spatial coordinates of the j-th fiber

center (node). (b) Voronoi cells for the corresponding disordered 2D lattice formed by sapphire fibers; the cells are colored according to

the number of nearest neighbors of each node. (c) Pair correlation function g(r) for the ideal hexagonal (green) and disordered (blue)
fiber lattices. The first peak can be used to characterize resolution variation across the bundle aperture, it is approximated by the Gaussian

function (red curve). (d) Schematic of the THz-imaging using fiber bundles. (e, f) Optical image of the metal corner object placed in

contact with the bundle input facet, and the corresponding THz image of the object read by the scanning diaphragm at the bundle output

facet. (g) Probability density p(δ) for the resolution parameter distribution δ in independent measurements, obtained by statistical analysis

of THz images. (h) The process of estimating the resolution parameter δ at a given point of the bundle aperture. Green color — intensity

profile along a line in the THz image near the object edge I(x, y = y0); blue color — its first derivative dI(x, y = y0)/dx, FWHM of the

derivative peak defines the local resolution parameter δ . The figure is adapted from [25] with permission from Wiley publishing house.

the bundle. This allows us to treat the input facet of the

bundle as an object plane. The radiation not blocked by a

metal test object was introduced into the bundle and read

from its output surface using a scanning diaphragm with a

diameter of 200µm, which was also located near the image

plane. The scattered THz field on the shadow side of the

subwavelength diaphragm was recorded using a Golay cell.

Both the diaphragm and the Golay cell were installed on a

2D motorized translation stage, which yields raster-scan of

the image plane with the positioning accuracy of < 2µm.

Fig. 5, g−h shows the results of the resolution estimation.

Insert (h) illustrates the resolution estimation process for

a specific position in the bundle aperture. Thus, for a

fixed vertical position y0, consider the intensity profile

I(x , y = y0) in the horizontal direction x on a THz image

that contains a sharp change in intensity due to the foil

angle. The derivative dI(x , y = y0)/dx has a sharp peak

for the coordinate x corresponding to the
”
foil–free space“

transition, and will simultaneously be the scattering function

of the above-mentioned imaging system [58]. The same

is true for the derivative of the intensity profile in the

vertical direction I(x = x0, y). To characterize the spatial

resolution δ at a specific point, we use the full width of half-

maximum (FWHM) of the intensity derivative peak. It is

worth noting that the resolution parameter δ was measured

in different areas of the fiber bundle aperture (along the

vertical and horizontal sides of the test object in y and x di-

rections (Fig. 5, f)) by independent measurements. Thus, the

statistical distribution p(δ), which determines fluctuations in

the resolution of the bundle over its aperture, is found and

approximated by the Gaussian function (equation (12)); the
results are shown in Fig. 5, g.

A direct experimental sample of the bundle resolution

shows the mean value of (δ) = 0.53 and the standard
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deviation of σδ = 0.15; both parameters are normalized to

the operating wavelength. It is noteworthy that the average

resolution (δ) correlates very well with the data obtained by

analyzing the pair correlation function and presented earlier.

At the same time, the direct sampling method predicts a

significant change in the resolution over the entire aperture

of the bundle (the dispersion σδ is 2.5 times higher than that

resulted from the analysis of the pair correlation function).
The increase in σδ (with direct measurement of δ) can be

caused by several factors that are not taken into account

when performing the pair correlation function analysis. For

example, imperfect cleavage of fiber ends that occur when

grinding and polishing the facets of the bundle (Fig. 3, b
and 5, a) can lead to significant scattering of THz radiation

when it is input and output to/from the bundle, as well as to

re-reflections of radiation inside the bundle. Fluctuations in

the diameter and ellipticity of sapphire fibers along the entire

length of the bundle, as well as microbends inside it, can

result in the excitation of higher-order modes with highly

asymmetric fields. Finally, incomplete congruence between

the fiber coordinates at the object and image planes can

result in skewed images.

The abovementioned imperfections can result in signifi-

cant variation of the individual fiber transmission over the

bundle aperture, which, in turn, can affect the resolution

of the imaging system. A more detailed analysis of

the detrimental impact of these factors on the sapphire

fiber bundle performance, as well as search for the ways

to minimize their effect will be the goals of our future

activities.

Overall, both the pair correlation function analysis and

the THz imaging of the opaque metal corner reveal strong

potential for the subwavelength THz imaging using fabri-

cated sapphire fiber bundles. Even the presented structure

with non-optimal fiber packing shows the average resolution

of (δ) = 0.53 with the lowest resolution reaching δ = 0.3 at

certain positions of the bundle. Such resolutions overcome

the Abbe diffraction limit (0.62 λ) of the conventional

free-space imaging systems, and thus the structure under

consideration has a great potential for subwavelength THz

microscopy.

2.3.4. Reconstruction of images obtained using

a bundle of parallel-laid metal-coated sapphire

fibers. Imaging using fiber bundles typically suffers from

various image distortions, among which, of particular

importance are inhomogeneities in the THz-image intensity

due to fluctuations of the individual fiber transmissions over

the bundle aperture. A direct approach to mitigate this

distortion type is to perform image normalization by the

reference one (the image of the bundle in the absence

of an object). Particularly, the normalized image In(r)
is computed based on the sample signal I raw(r) and the

reference signal I ref(r) using the following regularization

procedure:

In(r) =
I raw(r)

I ref(r)

(

1 + κ
N

I ref(r)

)

−1

, (13)

where N = 0.095% corresponds to the noise level at

I raw(r) and I ref(r), κ = 10−3 is an empirically determined

regularization parameter [35] (we assume that N and κ are

constant over the entire image plane). In Equation (13),
the first ratio defines a simple inverse filtering and yields

properly corrected image intensity, while the second term

turns into 1 whenI ref(r) ≫ N, or into 0 when I ref(r) ≪ N,

and serves to mitigate the noise inherent to the simple

inverse filtering [35].
Fig. 6 illustrates an example of the procedure for

obtaining a THz image of a test binary object. The object

of control is a metal grating (Fig. 6, a) with a period of

1.8mm and a metal strip width of 0.9mm, made of thick

(≪ λ) aluminum foil. Fig. 6, c shows the raw image I raw(r)
obtained using the bundle. The reference image I ref(r)
is shown in Fig. 6, b and was obtained with the same

bundle without grating. Finally, the normalized image In(r)
obtained using the regularization procedure (13) is shown

in Fig. 6, d. Although the image quality enhancement using

the simple inverse filtering is visibly clear, further image

improvement is possible using more advanced techniques,

such as Wiener inverse filter and alternative regularization

procedures [35] or other methods, such as machine learning

and model-based image reconstruction [21–23].
It is worth to note that no specific pixelization noise

is observed in the image, which is usually inherent in

imaging through optical fiber. This is due to the to the

scanning-diaphragm-based THz image readout, used in our

study, because such readout techniques automatically lead

to image smoothing due to the small distance between

sapphire fibers in a bundle and large sizes of the fiber cores.

Along with simplicity, the considered type of an image

readout allows avoiding distortions to the THz-image by

minimizing wave diffraction at the output end of the fiber

bundle. Indeed, the geometric
”
shadow approximation

“ [36] is valid for describing the near-field transfer from

the bundle output facet to the scanning diaphragm, because

the axial distance between them is ≪ λ. In addition,

when using subwavelength diaphragm image readout and

a coherent radiation source, the distance between the

output facet of the bundle and the diaphragm can be

increased to ∼ λ, and the image distortion due to diffraction

can be numerically compensated by solving the integral

equations of the vector diffraction theory as demonstrated,

for example, in [41]. At the same time, the scanning

aperture type of the THz-image readout is time-consuming

and suffers from low energy efficiency. Particularly, this

difficulty can be mitigated using bundles of tapered fibers

featuring over the diffraction limit mode sizes at their output

ends (Sec. 3).
While the presented example shows strong potential

of high-refractive-index fiber bundles for subwavelength
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Figure 6. THz imaging of a metal grating using sapphire fiber bundle at a wavelength of λ = 600 µm. (a) Photo of the metal grating

placed at the input end of the fiber bundle and featuring a period of 2mm and a slit size of 1mm. (b) Reference THz image Iref(r)
formed at the output facet of the bundle without any object at the input facet. (c) Raw THz image Iraw(r) formed at the output facet of

the bundle with a metal grating at the input facet. (d) Normalized THz image In(r) of the metal grating calculated using (8). The figure

is adapted from [25] with permission from Wiley publishing house.

imaging applications, there is also considerable potential for

improving its performance. An increase in the resolution

of the bundle and an improvement in image quality can

be achieved by increasing the thickness and conductivity of

the metal coating of individual fibers, reducing fluctuations

in fiber diameters over the aperture and length of the

bundle, increasing the density and packing order of fibers

in the bundle, and also by improving the optical quality

of the bundle facets. With these improvements it will be

possible to achieve resolution as low as 0.2−0.25 λ and

the propagation losses down to 2−4 dB cm−1, compared

to the experimentally demonstrated δ = 0.3−0.5 λ and

α ≈ 10 dB cm−1.

3. Tapered bundle of sapphire fibers in a
dielectric matrix

In this section, we present the results of studying the

properties of a cone-shaped fiber bundle consisting of a

tapered array of optical sapphire fibers and its use for THz-

imaging with a spatial resolution exceeding the Abbe limit.
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The schematic diagram for imaging using such a fiber is

shown in Fig. 7, a, and the cross-section of the bundle

along the optical axis is shown in Fig. 7, b. Fibers with

a diameter of 300µm are arranged in an array of 21 × 21

(a simple square lattice) and fixed with epoxy resin in a

dielectric matrix printed by a 3D-printer. Thus, each fiber

is a separate pixel. Using numerical simulation, it is shown

that the developed bundle is characterized by a minimum

resolution at a frequency of 0.33 THz; at this frequency, the

effect of energy exchange between neighbor fibers will be

minimal. The fibers themselves are arranged with their input

ends almost skin-to-skin and form a square 2D lattice in the

object plane with a period of p = 0.35mm; the common

side of the square is P = 7.0mm. Then the fibers diverge,

maintaining the square lattice arrangement, symmetrically

in the cross-section of the bundle. The bundle thickness

is 11.25 mm, and the fiber lattice period in the image

plane is 3 times greater than that in the object plane. This

leads to stretching of the near field with a factor of K = 3,

which makes it possible to readout the field from the output

facet of the bundle with a conventional diffraction-limited

lens.

3.1. Schematic of the tapered bundle of sapphire
fibers and maximum spatial resolution
estimate

For a comprehensive analysis of the spatial resolution of

a tapered bundle, both the transmitting properties of an

individual fiber and the effects of crosstalk between fibers

in an array of tapered fibers must be considered.

First, the transmitting properties are numerically studied

of a sapphire fiber (c KF axis directed along the optical

fiber axis) fixed in epoxy resin, which simultaneously serves

as a sheath with the c axis of sapphire directed along the

symmetry axis of the fiber. Taking the THz optical prop-

erties of sapphire from [53] (including material anisotropy,

dispersion and absorption) and epoxy properties from [41],
the guiding properties of a fiber with a diameter of 300µm

are analyzed using the finite-difference eigenmode (FDE)
method in the ANSYS Mode software. Fig. 8, a shows the

calculated effective refractive index neff and propagation loss

α (by power) for several lowest-order guiding modes of a

sapphire fiber.

It follows from the figure that our fiber operates in

an effectively two-mode operation mode because only the

two lowest-order modes HE11 and TE01 have losses α

low enough to pass through a bundle with a length

of about 1 cm. Even for these modes, losses increase

significantly at lower frequencies (≤ 0.25 THz) due to the

weak confinement in the core and high-loss overlap of

the strong field with the sheath. In the same way the

modal losses increase significantly at higher frequencies

(≥ 0.5THz) due to the increased absorption of THz waves

by the sapphire. Thus, the spectral range of THz radiation

input in an epoxy-coated sapphire fiber is limited by the

range of 0.25−0.5 THz. Although the HE11 and TE01 modes

have very different intensity distributions in the fiber core

(Fig. 8, b), they can be excited in a tapered bundle due to

the breaking of symmetry in such structures. It is worth to

note that for a bundle of parallel-laid fibers with a dielectric

sheath, only the fundamental mode HE11 will be excited in

the fiber itself, which means that the effect of intermode

interference will not manifest in it.

In the absence of energy exchange between fibers, the

resolution parameter δ can be determined analytically as a

function of the fiber diameter d and the electromagnetic

wave length in free space λ or frequency ν :

δ =
d
λ

=
dv
c0

. (14)

As shown by the blue line in Fig. 8, c, for a fixed

diameter of a single fiber d, this resolution parameter δ

increases linearly with frequency ν . At frequencies of

ν < 0.48 THz, the analytical resolution exceeds the Abbe

limit for free space δ = 0.5. In order to estimate the

effect of energy exchange between neighbor fibers on δ, the

transmission of radiation through a 9× 9 lattice of tapered

fibers with a geometry similar to that shown in Fig. 7 is

numerically simulated in the range of 0.2−0.5 THz using

the finite element frequency domain (FEFD) method in

the COMSOL Myltiphysics software. The results of these

simulations are summarized in Fig. 8, c−e. By the excitation

of only the central pixel on the input facet of the bundle

(the remaining fibers are covered by an opaque screen),
the frequency-dependent point spread function (PSF) is

estimated of such a model bundle (Fig. 8, e), which is

a 1D cross section of the intensity passing through the

maximum. Then the numerical resolution parameter δ

at different frequencies ν is calculated by fitting this PSF

with a Gaussian function and then estimating its half-width

(Fig. 8, c). The resolution δ calculated in this way is shown

by green circles in Fig. 8, c. It has a strong frequency-

dependent behavior due to interfiber radiation exchanges

(there is a significant broadening of the intensity peak,

because side maxima appear in neighbor fibers). Numerical

simulation makes it possible to distinguish the following

spectral modes of operation of a tapered bundle:

(a) opacity — at low frequencies of ν ≤ 0.24 THz the

bundle is opaque;

(b) strong crosstalk — at ν ∈ (0.24, 0.3)THz the reso-

lution δ is limited by the Abbe limit due to energy exchange

between fibers;

(c) superresolution — at ν ∈ (0.3, 0.48) THz, the energy
exchange between fibers can be largely neglected, and the

resolution δ exceeds the Abbe limit;

(d) ordinary — at ν ≥ 0.48THz the bundle can still be

used for imaging, but it loses its superresolution capabilities.

Our numerical simulation predicts the smallest value

of the resolution parameter δ ∼= 0.35 at a frequency of

ν ∼= 0.33 THz. Therefore, this specific frequency was

chosen for further experimental study of the tapered bundle

resolution.
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Figure 9. Stages of fabrication of the tapered fiber bundle.

(a) Microscopy of an individual core with a diameter of 300 µm

of an EFG-grown sapphire fiber, being processed in the free

space. (b) Photo of monodisperse (d = 300± 20 µm) sapphire

fibers prepared for the bundle, assembly. (c, d) 3D printed polymer

mold before and after sapphire fibers are inserted, respectively.

(e, f) Microscopy of the output and input ends of a cone-shaped

bundle, respectively. The figure is adapted from [36] with

permission from American Physical Society publishing house.

3.2. Fabrication of the tapered fiber bundle

Sapphire fibers are produced using the EFG method

of growing molded crystals directly from the Al2O3

melt [34,35,41], which is described in detail in [{] 45} and

in section 2; the grown fibers are then cut into pieces with

a length of 2 cm, and only fibers with a diameter of d in

the range of 300 ± 20µm are left. Fig. 9, a, b) shows a

microscopy of the end facet of a typical sapphire fiber and

a photo of a set of fibers used in the assembly of a fiber

bundle.

As shown in Fig. 9, c, d, an array of tapered fibers

is assembled using a porous polymer matrix fabricated

using three-dimensional (3D) printing (Anycub LCD Photon

printer with a width and depth resolution of 47 and 30µm,

respectively). The matrix has a number of holes with a

diameter of 400−500µm, into which sapphire fibers are

inserted. Then the fiber matrix is immersed in epoxy resin

and cured. Then the input and output ends of the bundle

are ground and polished (Fig. 9, e, f). As a result, on the

output facet of the bundle (image plane), the fibers form an

almost perfect square array (Fig. 9, e), while on the input

facet (object plane), the fiber array is somewhat disordered,

which is caused by a slight displacement of the fibers during

the process of curing of the epoxy resin (Fig. 9, f).

3.3. Experimental imaging using a sapphire fiber
bundle

With the use of the original imaging system described

in Section 2.3.3, images were obtained at a frequency of

0.33 THz using the fabricated bundle. In the experimental

setup, the displayed object is located in immediate contact

with the input facet of the bundle and is illuminated by a

slightly focused spatially homogeneous THz-beam.

The illumination of a partially opaque object forms a

spatial distribution of the field strength in the object plane

Iobj(robj), where robj is a vector in the object plane. Then

the THz field is injected into the fiber bundle, directed

to the output facet of the bundle, and stretched with a

magnification factor of K ≃ 3 by the tapered fiber lattice.

On the output facet of the bundle, the THz field strength

distribution I img(rimg) is formed, where rimg is the vector in

the image plane, which, in the absence of energy exchanges

between fibers and intermodal interference, is associated

with the intensity distribution in the object plane as follows:

I img(rimg) = Iobj

(

rimg

K

)

. (15)

The intensity distribution I img(rimg) is then read from the

output facet of the bundle from a wide-aperture lens acting

as a diffraction-limited lens. This system used a motorized

2D raster scanner equipped with a wide-aperture diffraction-

limited lens and a Golay cell. The lens collimates the THz

radiation from the diffraction-limited region of the output

facet of the bundle (a diaphragm with a diameter of λ is

used to reduce noise) and directs it to the detector.

A. Image processing

Fig. 10, a, b shows a photo of a test object, which is

a lattice of metal strips with a period of 1.8mm and a

metal strip width of 0.9mm, as well as its THz-image

obtained through a tapered fiber bundle at ν = 0.33THz

(λ = 917µm). Although several periods of the metal lattice

are clearly visible even in the raw THz-image (Fig. 10, b),
it needs to be further improved to mitigate the various

measurement artifacts that are typical for imaging with such

fiber bundles; among them, worth-noting are the image

pixelization (a THz-image looks like a set of individual

speckles), image intensity fluctuations (transmission of

individual fibers changes over the bundle aperture due to

changes in their optical properties), noises like
”
salt and

pepper“ (some pixels may be defective or, conversely,

provide a much higher transmission than average).
To mitigate these difficulties, the resulting image is

digitally processed. First, the pixelization is suppressed

using a quadratic moving average (smoothing) filter f (rimg)
on the output facet of the bundle with a width and a height

equal to the period of the fiber lattice:

I filt(rimg) = I img(rimg)øf (rimg). (16)

Second, the THz-image is scaled with an inverse magnifi-

cation factor K−1 to restore it in the object plane, followed

by resampling. Finally, the inverse filtering is used to

correct inhomogeneities in the image intensity. To this

end, we obtain a reference image I refimg(r) on the output

facet of the bundle in the absence of an imaged object,
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Figure 10. Processing of THz-images obtained using a tapered fiber bundle at a frequency of ν = 0.33 THz (λ ≃ 917 µm). (a) Phot of

the input facet of the bundle in contact with the test object. (b) Measured I img(rimg). (c) Normalized image in the THz range, Inorm(robj),
obtained using equation (17). The figure is adapted from [36] with permission from American Physical Society publishing house.

and then apply smoothing and resampling using the same

parameters as for the THz-image of the sample. Then the

image of the object is normalized to the reference image

using the regularization procedure described in [36]. The

reconstructed in this way THz-image in the object plane

Inorm(robj) is shown in Fig. 10, c, while the effects of image

pixelization, intensity inhomogeneities, and damaged pixels

are effectively softened by image processing.

B. Resolution estimate

To experimentally estimate the spatial resolution of a

tapered fiber bundle, a standard technique is used, which

consists in imaging of test objects with sharp changes in

their transmission (detailed description is given in [25,36],
as well as in Section 2.3.3). Particularly, a strip of metal

foil with a straight edge is used as an object. Due

to the fact that fibers in the bundle are packed in a

square lattice, the resolution can be studied in several

directions (horizontal, vertical and diagonal, as shown in

Fig. 11, a−e). To estimate the resolution, the first derivative

of the image intensity profile dlnorm(r)/dr is calculated in

the r direction perpendicular to the imaged edge of the

metal foil. Due to the fact that the dlnorm(r)/dr function

can be considered as a PSF-approximation of the imaging

system [58], the resolution parameter δ is calculated at

each point along the edge of the metal foil as the half-

width of the central peak of the function, normalized to

λ = 917µm. By studying various positions and orientations

of the foil edge on the input facet of the bundle, the statistics

of the spatial distribution of the resolution parameter δ

is collected, which is then approximated by the Gaussian

function (Fig. 11, g). As expected, the resolution thus

characterized differs for the perpendicular and diagonal

directions with mean values of 〈δ〉 = 0.347 and 0.543 and

standard deviations of σdelta = 0.148 and 0.171, respectively.

The observed change in resolution on the input facet of

the bundle can be explained if we consider a disordered

lattice formed by fibers in the object plane. In particular,

Fig. 11, h shows a photo of the input facet of the bundle,

and Fig. 11, i, j shows Voronoi cells and the pair correlation

function g(r) (calculated for the corresponding partially

disordered lattice formed by sapphire fibers (nodes) [25].
Edge nodes (fibers) have fewer nearest neighbors, making

the data more difficult to read. Therefore, for convenience,

in the panel of Fig. 11, i we do not show cells for edge

nodes. It can be seen on the (i) graph, that most of

the nodes have six nearest neighbors, and this number

fluctuates somewhat along the bundle aperture. If for an

ideal crystal lattice clearly distinguished peaks at g(r) are

δ-Dirac functions, then for a somewhat disordered lattice

such peaks are broadened. Among them, the first and

the second peaks stand out, because they determine the

statistics of the distances between a lattice node and its

nearest neighbors in the vertical or horizontal and diagonal

directions, respectively. By approximating the peaks g(r)
by the Gaussian function, the statistical data for the nearest

neighbor separation (Fig. 11, j) turn out to be very close

to the results of direct experimental measurements of the

resolution (Fig. 11, g). In particular, the average values

of 〈δ〉 = 0.373 and 0.515 for the first and second peaks

almost completely agree with our experimental estimates,

which confirms that fiber lattice disorder is the main factor

responsible for the change in the resolution over the bundle

aperture.

4. Conclusions

This review covers two types of bundles of high-refractive-

index optical fibers for imaging with a spatial resolution

exceeding the diffraction limit. The first type of bundles is

an array of sapphire fibers laid in parallel, where fibers can
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Figure 11. Spatial resolution of a tapered fiber bundle at a frequency of ν = 0.33 THz (λ ≃ 917 µm). (a, b) Photos of a metal strip with a

straight edge used as test objects oriented horizontally, vertically, or diagonally. (c, d) Measured I img(rimg) and (e, f) normalized Inorm(robj)
THz-images of this test object with different orientations. (g) Statistics of the change in the resolution parameter δ over the bundle

aperture in the perpendicular and diagonal directions relative to the bundle’s square lattice, caused by lattice disorder and approximated

by a Gaussian distribution. (h) Microscopy of the input facet of the bundle. (i) Representation of the input facet of the bundle using

Voronoi cells, colored according to the number of nearest neighbors of each fiber (node). (g) Pair correlation function g(r) for a partially

disordered fiber lattice along with a Gaussian approximation for its first, second and third peaks. The figure is adapted from [36] with
permission from American Physical Society publishing house.

be either metal-coated or dielectric-coated. The first type of

such bundle consists of parallel-laid sapphire fibers with a

diameter of 300µm and a bundle period of 0.45mm, and

the other type, investigated in this study, consists of optical

sapphire fibers with a diameter of 300µm with a metal

coating and a length of 20 mm, parallel-laid close to each

other and forming a hexagonal lattice.

It has been experimentally and theoretically demonstrated

that a THz imaging system based on a bundle of metal-

coated fibers is characterized by subwavelength spatial

resolution. The analysis of the pair correlation function of

the fiber lattice, as well as direct measurements of the spatial

resolution by the
”
sharp-blade“ method and THz imaging

of an opaque metal corner made it possible to determine

the resolution of the bundle in a series of independent

measurements. Due to some disorder of the fiber lattice,

the resolution of the bundle will change along its aperture

and will be 〈δ〉 = 0.53± 0.15 λ, where λ = 600µm, and

the smallest resolution reached δ = 0.3 in some areas of

the bundle. Thus, it is confirmed that the sapphire fiber

bundle has a resolution close to the Abbe diffraction limit

and demonstrates significant potential for subwavelength

imaging.

The second type of bundles is a cone-shaped bundle

composed of a tapered array of sapphire optical fibers with a

fiber diameter of 300 ± 20µm and an optical quality of the

surface. Such a bundle allows transmitting a near THz field

with an inhomogeneity scale smaller than the diffraction

limit, and then scales the intensity distribution by several

times, which makes it possible to read the recorded field

using a diffraction-limited element. The bundle period in

the object area is 0.35mm and that in the image plane

is 1.05mm. Numerical calculations have shown that at

frequencies of ν < 0.48 THz the spatial resolution exceeds

the Abbe limit.

The resolution of such a bundle of tapered sapphire

fibers with a high refractive index was measured. The

measured resolution was 〈δ〉 = 0.34 ± 0.15 λ, which is

in good agreement with the numerically predicted value

of δ = 0.35 λ at an operating wavelength of λ = 917µm.

Optics and Spectroscopy, 2023, Vol. 131, No. 6



736 D.G. Melikyants, V.N. Kurlov, K.I. Zaitsev, G.M. Katyba

These results demonstrate the significant potential for ultra-

high resolution imaging with such taper fiber bundles. It

also provides a convenient and energy efficient reading

of the field distribution using standard optical diffraction-

limited elements. In addition, it can be concluded that the

use of metal-coated fiber bundles is more promising for

high frequencies (about ν ≈ 0.5 and higher), and dielectric-

coated fibers will be more efficient at low frequencies,

although the resolution will be affected by the crosstalk

effect between fibers.

Thus, this review provides information on new THz

imaging methods based on the use of bundles of sapphire

optical fibers, which make it possible to overcome the

Abbe diffraction limit. Optical fiber bundles based on high-

refractive-index sapphire fibers can be useful in biophotonics

for ultra-high resolution imaging exceeding the Abbe diffrac-

tion limit for the free space. This means that such bundles

can provide more accurate and detailed imaging of objects

in biological tissues and organs. In addition, methods for

restoring THz-images of test binary objects obtained using

the proposed bundles can be used to diagnose various

diseases and pathologies in medical practice.
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