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A B S T R A C T   

Terahertz (THz) range, which lies between the microwave and infrared regions of the electromagnetic spectrum, 
presents a new frontier containing an abundance of technical applications and fundamental research problems. 
There are several challenges limiting the progress in the THz science and technology. One of them is the limited 
range of the guided-wave propagation of THz radiation, owing to the high loss from the finite conductivity of 
metals and the high absorption coefficient of dielectric materials in the THz range. In this work, we discuss the 
design and fabrication of multimodal hollow THz waveguides used at the X-band Electron Paramagnetic Reso-
nance (EPR) endstation located at the Novosibirsk Free Electron Laser facility (NovoFEL). Experiments carried 
out at the EPR endstation are aimed to investigate the impact of THz and far infrared radiation on the spin system 
of different inorganic complexes and organic radicals. The EPR probehead and cryostat impose strict constraints 
on the possible ways of transferring the THz radiation to the sample, requiring the development, manufacturing, 
and characterization of specific waveguides. The proposed waveguides for X-band EPR measurements under THz 
radiation resemble hollow metal/dielectric waveguides. They have the shape of a hollow cylinder, tapering to-
wards the end, with a silver-coated inner surface, and allow THz radiation to be transmitted over a distance of 
about 60 cm in a wide frequency range from THz to middle infrared. The waveguides performance was char-
acterized at different frequencies of NovoFEL radiation and compared with numerical simulations. Following the 
requirements of polarization-sensitive EPR experiments, the waveguides were further modified by a miniature 
attachment, consisting of a polarizer, a semiconductor mirror, and a quarter-wave plate. The attachment allows 
preserving the initial polarization properties of THz radiation, turns its propagation vector, and creates the 
circular-polarized light irradiating the sample – all inside the limited volume of the EPR probehead.   

1. Introduction 

The far infrared region of the electromagnetic spectrum 
(0.1–10 THz), known as the terahertz (THz) frequency range, is a 
scientifically rich spectral window that is currently served by limited 
technology [1–4]. The main issues holding back the development of THz 
based science include (i) the lack of intense THz sources and sensitive 
THz detectors, (ii) strong water vapors absorption that prevents imaging 
of water-rich objects and limits the range of THz wave propagation, (iii) 
lack of effective waveguides for transmitting THz radiation over long 

distances. 
THz radiation can be transferred for a long distance as a Gaussian 

beam with relatively big aperture of tens to hundreds of wavelengths 
[5]. With an appropriate aperture, the main propagation losses of THz 
radiation in such radiation beamline are often caused by absorption of 
the medium inside the beamline. To tackle this issue a carefully dried 
medium is typically used, allowing to reach almost complete trans-
mittance of the THz radiation in the transmission windows of the water 
vapor spectrum [5]. Unlike for large-size radiation beamlines, inside the 
experimental setup the THz beampath is usually restricted in the 
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aperture, assuming the use of THz waveguides or a specially designed 
optical system, which is mounted in the dried atmosphere [6–8]. For the 
design and manufacture of THz waveguides, standard microwave and 
optical technologies could be used, but they are considerably affected by 
the relatively strong absorption in most of the conventional waveguide 
structures, preventing THz wave transmission over long distances 
[9–13]. To date, many THz waveguides have been proposed, such as 
hollow metal waveguides [14], metal-wire waveguides [15], dielectric 
tube waveguides [16–19], hollow metal/dielectric waveguides [20,21], 
parallel plate waveguides [22,23], photonic crystal fibers [24,25], and 
metamaterial cladding hollow-core fibers [26,27]. Among them, flexible 
hollow metal/dielectric waveguides (HMWs) are becoming increasingly 
attractive today due to their easy fabrication, simple design, and the 
ability to control the transmission loss at the target frequency by varying 
the thickness of the dielectric layer [28,29]. In addition to its primary 
characteristic – radiation transmission efficiency – THz waveguides 
usually have other constraints on their geometric, magnetic, thermal, 
and electric-conductivity properties. Meeting all such requirements, THz 
waveguides play an important role in the overall performance of 
experimental setups. Their design, manufacture, and characterization 
are often critical to understanding the optimal approaches to perform 
different types of experiments. 

In this paper, we propose a design and report a performance study for 
home-built hollow waveguides used for X-band (9 GHz) Electron Para-
magnetic Resonance (EPR) measurements when the sample is irradiated 
with high-power THz pulses. The design of the waveguides resembles 
HMWs in which no dielectric layer is used and a reflective silver layer is 
coated directly on inflexible base with a circular cross-section. The X- 
band EPR spectroscopy endstation is located at the Novosibirsk Free 
Electron Laser (NovoFEL) facility and operates in both continuous-wave 
and time-resolved modes, allowing detection of either direct or indirect 
influence of pulsed NovoFEL radiation on the spin system under study 
[30,31]. The NovoFEL facility has three free electron lasers that produce 
high-power tunable laser radiation in the middle infrared (1040–1170 
cm− 1), far infrared (110–285 cm− 1), and terahertz (30–110 cm− 1) fre-
quency ranges [32–34]. NovoFEL can operate in both quasi-continuous 
and pulsed modes with an average power of up to 200 W. In the 
continuous mode, the radiation consists of a periodic train of pulses with 
duration of several tens of picoseconds. The pulse mode allows gener-
ating THz macropulses of various durations containing a sequence of 
individual picoseconds pulses [35]. The properties of the NovoFEL ra-
diation, namely a wide frequency range and high average power, as well 
as the geometrical constraints of the EPR probehead significantly limit 
the possibility of utilizing standard quasi-optical or quasi-microwave 
waveguides, requiring the use of a specially designed multimodal 
waveguide with circular cross-section. In contrast to the HMWs 
described in the literature, the waveguides proposed in this work are not 
tuned to one radiation frequency and have reasonable transmission 
losses over the entire frequency range of NovoFEL radiation. 

Sections of the article include a description of the X-band EPR pro-
behead and proposed THz waveguides, as well as the results of mea-
surements and numerical simulations of their transmission coefficient 
and polarization degree. 

2. Construction of the EPR probehead 

Experimental methods of EPR spectroscopy are typically based on 
the use of different microwave resonators. For X-band (9 GHz) setups the 
main types include rectangular cavities, loop-gap [36,37] and dielectric 
resonators [38,39]. The latter typically provides high Q-value and high 
efficiency of spatial separation of magnetic and electric components of 
the applied microwave field, allowing the study of the samples with high 
dielectric losses and giving rise to the widespread use of this type of 
resonators in home-built and commercial EPR apparatus [38,39]. 

The X-band EPR endstation of NovoFEL is equipped with a dielectric 
resonator Bruker ER 4118X-MD-5 W1 (MD-5, Bruker, Germany). It is 

based on the sapphire dielectric cylinder with an outer diameter of 10 
mm and a hole of 5 mm. It has high Q-value of about 30000 at 6 K [38] 
and large sample access of 5 mm. The schematic representation of the 
MD-5 is shown in Fig. 1a. Since most experiments are carried out at low 
temperature, the resonator is placed inside a helium cryostat (Cryotrade 
Engineering, Russia). The MD-5 resonator provides an easy and 
comfortable way to exchange the samples. The sample is fixed on a 
sample rod that can be easily extracted from the resonator. The entire 
procedure to change the sample takes less than a couple of minutes even 
if the sample is at helium temperature. 

There are two main options to irradiate a sample of interest inside 
the MD-5. The first is to direct radiation from the top, combining the 
sample holder with the waveguide. The second is to radiate the sample 
perpendicularly to the long axis of the resonator via the quartz window 
in the cryostat. Both options and the standard EPR sample holder (a rod 
of 56 cm length and 8 mm in diameter) are shown in Fig. 1. 

In the case of visible, near ultraviolet, or near infrared radiation both 
possibilities of radiation transfer can be implemented, using standard 
optical elements (optical path 2 in Fig. 1b) or quartz optic fiber, com-
bined with the sample holder (optical path 1 in Fig. 1a, 1b). For far 
infrared and terahertz radiation, the only reasonable way is to direct 
radiation from the top, since optical elements used in the cryostat and 
EPR resonator are not transparent in certain ranges of the specified 
frequencies [40]. This option implies combining the waveguide with the 
sample holder. In such a case, the waveguide allows controlling the 
divergence rate of radiation and cuts off the humid atmosphere, 
replacing it with the inert media inside the cryostat (helium or nitrogen 
gas). 

3. Multimodal terahertz waveguides 

Size restrictions imposed by the resonator, strong divergence of the 
radiation of the far infrared and THz frequency range, as well as high 
average power of NovoFEL radiation limit the approaches for designing 
an efficient terahertz waveguide. As it was mentioned in the previous 
section, the most straightforward way is to deliver radiation from the 
top, combining the functions of the waveguide and the sample holder. 
The following subsections discuss the general procedure for designing 
and fabricating a THz multimodal waveguide for the EPR endstation of 
NovoFEL. 

3.1. Waveguide design 

In order to combine an EPR sample holder and the terahertz wave-
guide, a device should have a form of long hollow cylinder tapering 
towards the end. Proposed form mimics a standard sample holder and 
matches the inner diameter of the working area of the resonator – inner 
area of sapphire hollow cylinder. According to the resonator size, 
tapering should be done from 8 mm to approximately 3–4 mm in outer 
diameter. The inner diameter of the THz waveguide should be as large as 
possible. There are two main possibilities to achieve mentioned re-
quirements: (i) 8 mm long cylinder ending by a long (up to 5–6 cm) 
gradual tapering, (ii) a combination of two cylinders 8 and 3.5 mm in 
outer diameter, respectively, combined by a relatively short and steep 
tapering region (2–3 cm). The latter tapering can also be considered 
gradual, since the tapering angle does not exceed 6◦ (calculated from the 
above dimensions). However, we will further use the terms “gradual” 
and “steep” to distinguish these two options – see Fig. 2 for more details. 
The two proposed waveguide designs were empirically compared in 
terms of their transmission coefficients and polarization degrees in the 
three frequency ranges available for NovoFEL. These waveguides also 
have a small (approximately 0.5–1 mm in diameter) ventilation hole 
located at a distance of 8–10 cm from the end of the waveguide. This 
hole is used to replace the normal atmosphere inside the waveguide with 
an inert helium or nitrogen cryostat atmosphere, when the waveguide is 
inserted into the latter. 
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Fig. 1. (a) Schematic representation of the upper part of the MD-5 dielectric resonator. Proportions are exaggerated. A possible way of sample irradiation from the 
top is shown as optical path 1; (b) Schematic representation of the lower part of the MD-5 dielectric resonator. Proportions are exaggerated. Two possible ways of 
sample irradiation are shown as optical path 1 (from the top) and optical path 2 (via the quartz window in the cryostat), respectively. Number 1 indicates sapphire 
hollow cylinder, fixed in polytetrafluoroethylene inserts. The inset shows the photograph of the front view of the lower part with a window for ultraviolet or visible 
irradiation of the sample. (c) Photograph of the standard sample holder for EPR measurements with its dimensions. 

Fig. 2. (a) General scheme of the proposed designs for THz waveguides combined with the EPR sample holder. Proportions are exaggerated. All dimensions except 
the length of the tapered part (approximately 5–6 cm for option 1 and 2–3 cm for option 2) are the same and shown in the figure for both proposed designs. Number 1 
indicates a ventilation hole. (b) Photographs of the waveguides, manufactured according to options 1 and 2, from left to right, respectively, and a standard EPR 
sample holder for comparison. The insets show the tapered region for both waveguide designs and a more detailed view of the ventilation hole. Number 1 indicates a 
ventilation hole. (c) Photographs of a cap that is used for cutting off the atmosphere from the inner volume of the cryostat. Number 2 indicates the polypropylene 
film, which is used for far infrared and terahertz frequency range. A potassium bromide window is used in case of middle infrared range. 
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3.2. Waveguide material 

Optical quartz was used as a material for the developed waveguides. 
It has low thermal expansion factor, does not affect the properties of the 
X-band resonator, and can be tapered into a desired shape. The inner 
surface of the waveguide should be coated by some THz-reflective ma-
terial, in order to increase the transmission coefficient and protect the 
internal (lateral) parts of the resonator from high-power THz radiation. 
The dimensions of the waveguides imply multiple reflections of THz 
radiation upon propagation and applicability of geometrical (ray) optics 
for qualitative analysis. Such waveguides are broadband and multi-
modal; however, multiple reflections significantly affect the polarization 
properties of radiation (see Results and Discussion). The multimodality 
allows using the same waveguide in a wide range of frequency that is of 
great importance for available NovoFEL energy window (1170 cm− 1 / 
8.5 μm – 30 cm− 1 / 350 μm). Taking into account the need to cover the 
inner surface of the quartz tube with a conducting material, silver may 
be a good option. It has low ohmic resistance and can be chemically 
precipitated on the surface from solution with the possibility to control 
the quality and thickness of the coating. 

3.3. Inner surface silvering 

Silvering of the inner surface of the waveguide is usually achieved by 
the silver mirror reaction. While there is a lot of information concerning 
the procedure, obtaining a good reflective surface is challenging. There 
are two main points to consider. First, in order to uniformly cover the 
surface, the waveguide must be washed very thoroughly. Otherwise, 
silver falls out in the form of colloidal particles into solution. Second, 
variability of the layer thickness leads to surface roughness and loss of 
reflective properties. Having empirically tried about 20 different pro-
portions between silver nitrate and glucose, we established that the 
silver nitrate should be in a large excess relative to glucose and the re-
action time should be about two and a half minutes. The large excess of 
silver nitrate leads to a fairly rapid reaction, resulting in a uniform 
coating thickness. In order to achieve a sufficient thickness of the 
coating, the whole procedure should be repeated 4–5 times. It is also 
important to note that rinsing the freshly silvered waveguide with 
diluted ammonia slightly improves the quality of the inner silver surface 
(visual inspection). The detailed procedures of the reaction as well as 
preparation are described in the supplementary material. 

4. Results and discussion 

Using the design and procedure described in the previous section, we 
manufactured and silvered 15 waveguides. Among them, 7 were 
selected for further measurements with the best quality of silver coating 
(checked by visual inspection). The following subsections present a 
performance study of 10 (including 3 that were used as references) 
preselected manufactured waveguides, corroborate experimental results 
by numerical simulations, and discuss future perspectives for the use of 
the waveguides at the X-band EPR endstation. 

4.1. Waveguide performance 

The performance of the THz waveguides was characterized by the 
measurements of the transmission coefficient and the degree of radia-
tion polarization. Four main types of waveguides were used in the 
measurements: (i) silvered waveguides with gradual tapering (option 1 
of Fig. 2a), (ii) silvered waveguides with steep tapering (option 2 of 
Fig. 2a), (iii) unsilvered (clear quartz) waveguide with steep tapering, 
(iv) silvered waveguides without tapering (a hollow cylinder of 56 cm 
length, 8 and 6 mm in outer and inner diameter, respectively) and their 
unsilvered and brass counterparts. A photograph of the entire set of 
manufactured waveguides is given in Fig. S6 of the supplementary 
material. 

To measure the transmission coefficient, a waveguide was fixed 
vertically. THz beam was focused at the entrance of the waveguide by 
the second off-axis parabolic mirror of the optical system of the EPR 
endstation [30]. The size of the focused beam at the entrance was less 
than 2 mm in diameter. The average power of radiation was measured at 
the entrance (Pin) and exit (Pout) of the waveguide by Gentec-EO UP19K- 
15S-VR (Gentec-EO, Canada) power meter. The energies of THz radia-
tion were 45.5 cm− 1 (220 μm), 77 cm− 1 (130 μm), 183 cm− 1 (55 μm), 
and 1118 cm− 1 (9 μm) – all of these wavelengths are much smaller than 
both the focus size and waveguide width. The radiation spectra used are 
given in the supplementary material. NovoFEL was operated in the 
power modulation mode [35], in order to decrease the average power at 
the entrance of the waveguide to approximately 1 W and keep it stable. 
The transmission coefficient is T = Pin/Pout . Polyethylene far infrared 
and ZnSe middle infrared polarizers (Bruker Optics, Germany) were 
used to characterize the remaining polarization of the waveguides. First, 
the polarization of the FEL radiation was confirmed to be linear. To do 
thus, we measure the power of THz radiation with the polarizer installed 
in front of the power meter. The polarizer was placed in two opposite 
(90◦) orientations resulting in maximum and minimum transmission. 
These measurements confirmed the linear polarization of the NovoFEL 
radiation. After that, the same procedure was repeated, placing the 
power meter and polarizer at the exit of the waveguide. The degree of 
polarization at the exit of the waveguide is P = (Pmax − Pmin)/(Pmax +

Pmin), where Pmax and Pmin are, respectively, correspond to the maximum 
and minimum average power measured at opposite (90◦) orientations of 
polarizer. In all measurements, a cap (see Fig. 2c) with a polypropylene 
film (thickness is 30 μm) was fixed at the entrance of the THz waveguide 
for better similarity with real experimental conditions at X-band EPR 
endstation. The polypropylene film reduced the overall transmittance by 
5–8%, but did not affect polarization degree. The characterization re-
sults for all considered waveguides are given in Table 1. 

The experimental results presented in Table 1 can be summarized in 
five main theses: (i) the transmission coefficient decreases with 
increasing wavenumber (for silvered or brass waveguides), (ii) degree of 
polarization does not exceed 0.35 for tapered silvered waveguides and 
further decreases with increasing wavenumber, (iii) tapering has no 
significant effect on the transmission coefficient of silvered waveguides, 
(iv) gradual and steep silvered waveguides do not differ in their per-
formance (except for polarization degree at 77 cm− 1), (v) silvering in-
creases the transmittance, reaching the transmission efficiency equal to 
a brass waveguide of the same design. 

In more detail, the proposed waveguides 1–6 show high transmission 
coefficient of up to 0.65 (transmission loss down to 4.4 dB/m) in the THz 
and far infrared frequency range, achieving the transmittance of unta-
pered waveguides 8 and 10. The transmittance drops significantly in the 
middle infrared range to the value below 0.10 (loss of 12.5 dB/m). The 
unsilvered waveguides 7 and 9 have low transmittance, but better 
conserve the initial radiation polarization. For all silvered waveguides, 
as well as brass waveguide 10, the radiation at the end of the waveguide 
is practically unpolarized. The possible reasons of these experimental 
findings are discussed in the next subsections. 

4.2. Qualitative explanation 

As mentioned above the waveguides are large compared to the 
wavelength, thus can be described in the framework of the geometrical 
optics. The incident Gaussian beam can be considered as a superposition 
of plane waves with small angles with respect to the waveguide axis, due 
to relatively large focus size (see the supplementary material for more 
details). The maximum incidence angle is λ/(πw0), where λ is the 
wavelength and w0 is the focus radius (< 1 mm). This angle is at most 4◦

for wavenumber 45.5 cm− 1 and even smaller for larger wavenumbers. 
For hollow metallic or metallic-coated waveguides the (intensity) 
reflection coefficient for any ray is close to 1, but not exactly so due to 
finite conductivity of metal. More specifically, the absorption during a 
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single reflection, and hence the loss coefficient of the whole waveguide, 
is proportional to the real part of the surface impedance [41], see the 
supplementary material for details. For non-magnetic materials, it is 
expressed as: 

ζ’ =

̅̅̅̅̅
μ0

∊0

√
n

n2 + k2, (1)  

where ε0, μ0 are vacuum permittivity and permeability, while n and k are 
real and imaginary parts of the refractive index, respectively. Here we 
assume that the coating thickness is sufficiently large, which also ex-
plains the similar behavior of metal-coated and metal waveguides. 

The values of n and k, needed to calculate the surface impedance, are 
given in ref. [42] for various metals, including silver and copper. Copper 
was chosen as a metal with comparable conductivity to that of the brass 
that was used to manufacture waveguide 10. The trend in the behavior 
of the real part of the surface impedance is expected to be the same for 
copper and brass. Fig. 3c, 3d show the surface impedance calculated for 
the same wavelength range using eq. (1). As it can be seen, the surface 
impedance increases with decreasing the wavelength, resulting in 
higher losses. The same trend was observed in the experiment, where 
changing the wavelength from 220 μm to 9 μm causes a decrease 
in transmittance from about 0.6 to 0.1. It should be noted that qualita-
tive estimate of the absorption loss requires one to estimate the average 
number of reflections in the waveguide, which depends on the details of 
the incident beam. However, we expect that the number of reflections 
actually decreases with the wavelength due to the decreasing average 
incidence angle with respect to the waveguide axis. Moreover, the sur-
face roughness of the coating may play a role, especially at larger 

wavenumbers [43,44]. Obviously, the above reasoning applies only to 
metal or metal-coated waveguides, while for hollow dielectric (unsilv-
ered) waveguides the reflection coefficient is relatively small (even at 
near-grazing angles) but almost independent of the wavelength, as is the 
refractive index of the quartz (at least for wavenumbers ≤ 200 cm− 1 

[45]). This is supported by measurements for waveguide 9, and the in-
crease of transmission for wavenumbers 77 and 183 cm− 1 with respect 
to 45.5 cm− 1 can be due to a smaller number of reflections. The largest 
wavenumber (1118 cm− 1) falls into the absorption band for quartz [45], 
resulting in different performance of the waveguide. 

Let us further consider the effect of tapering. All considered tapering 
angles are small (less than 6◦) which, combined with small incidence 
angles (less than 4◦), implies that any incident ray will reach the end of 
the waveguide (and will not turn back). Note that reflection from the 
tapering increments the incidence angle (with respect to the waveguide 
axis) by twice the tapering angle. The number of reflections may in-
crease by one, which does not significantly affect the total transmission 
coefficient, as long as reflection coefficient weakly depends on the 
incidence angle (as is the case for metallic surface). This explains why 
the tapering (of any of the two considered variants) does not signifi-
cantly affect the transmission coefficient for silver-coated waveguides. 
The partial exceptions are the results for larger wavenumbers, where the 
tapering does reduce the transmission, since even a single additional 
reflection (in addition to relatively small number) is noticeable. More-
over, in this case the intensity reflection coefficient slightly depends on 
incident angle, as discussed in the supplementary material. But even 
then there is no significant difference between gradual and steep 
tapering in full agreement with the qualitative theory. Another obvious 

Table 1 
The performance of manufactured THz waveguides at different wavenumbers.  

Waveguide type Transmission Ta (transmission loss, dB/m)b Polarization degree Pc 

Wavenumber (cm− 1) Wavenumber (cm− 1) 

45.5 77 183 1118 45.5 77 183 1118 

1, graduald 0.64 (4.5) 0.56 (5.0) 0.49 (5.6) 0.10 (12.5)  0.35  0.02  0.03  0.06 
2, graduald 0.62 (4.6) 0.53 (5.3) 0.47 (5.8) 0.09 (13.0)  0.31  0.02  0.02  0.10 
3, graduald 0.58 (4.9) 0.67 (4.3) 0.49 (5.6) 0.06 (14.7)  0.30  0.03  0.03  0.06 
4, steepe 0.64 (4.5) 0.58 (4.9) 0.42 (6.3) 0.11 (12.1)  0.35  0.13  0.02  0.06 
5, steepe 0.62 (4.6) 0.61 (4.7) 0.43 (6.2) 0.12 (11.7)  0.33  0.11  0.02  0.04 
6, steepe 0.58 (4.9) 0.50 (5.5) 0.43 (6.2) 0.09 (13.0)  0.14  0.17  0.05  0.05 
7, steep, unsilveredf 0.08 (13.5) 0.14 (11.1) 0.05 (15.5) 0.06 (14.7)  0.57  0.79  0.49 j  0.19 j 

8, untaperedg 0.66 (4.3) 0.67 (4.3) 0.63 (4.5) 0.15 (10.8)  0.68  0.03  0.02  0.06 
9, untapered, unsilveredh 0.16 (10.5) 0.25 (8.6) 0.21 (9.3) 0.17 (10.2)  0.73  0.78  0.72  0.47 
10, untapered, brassi 0.52 (5.4) 0.61 (4.7) 0.57 (5.0) 0.16 (10.5)  0.10  0.07  0.01  0.27 

a, transmission coefficient is given for the entire length of the waveguide (56 cm); b, transmission loss in dB/m was calculated from T; c, polarization degree at the 
waveguide exit; d, waveguide is manufactured using gradual tapering (option 2 of Fig. 2a) and is silvered according to the described procedure; e, waveguide is 
manufactured using steep tapering (option 1 of Fig. 2a) and is silvered; f, unsilvered waveguide with steep tapering; g, silvered waveguide without tapering; h, 
unsilvered waveguide without tapering; i, brass waveguide without tapering; j, the value is unreliable, since the transmission coefficient is low. See the main text for 
details. 

Fig. 3. (a), (b) Dependence of the real (n) and imaginary (k) parts of the refractive index of copper and silver, respectively [42]. (c), (d) Dependence of the real part of 
the surface impedance of copper and silver, respectively, as the function of the wavelength. The vertical dashed lines show the wavenumbers at which experiments 
were carried out. 
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exception is the results for unsilvered waveguides (7 and 9) – here the 
steep tapering introduces additional reflection with significantly larger 
angle with respect to the surface, resulting in smaller reflection coeffi-
cient (see the supplementary material for details). Moreover, steep 
tapering leads to a few reflections with angles larger than 12◦ in the last 
straight segment of the waveguide (2–3 cm in length). 

The discussion of the polarization (even qualitative) is more 
complicated and is, thus, given in the supplementary material. Here we 
only summarize the main conclusion. The reflectance from the metal is 
largely different from that of the dielectric in terms of phase. Most 
importantly, the two polarizations reflected by an ideal metal differ 
in sign, which causes depolarization of the wave propagating in the 
corresponding waveguides. The polarization in a cylindrical metallic 
waveguide can be conserved when the incident radiation effectively 
couples to a single or several linearly-polarized modes, but both tapering 
and, especially, finite conductivity of metal breaks this simple picture. 
This explains relatively high polarization degree at 45.5 cm− 1 (espe-
cially for untapered waveguide 8) and much smaller values at other 
wavenumbers. By contrast, unsilvered waveguides do not have this 
problems – they filter out the near-paraxial components of the incident 
beam (hence relatively small transmittance), which is propagated with 
little loss of polarization. 

4.3. Simulations 

To support the qualitative explanation of the previous subsection, we 
carried out a numerical simulation of the THz wave propagation in the 
waveguide. The simulation was done in COMSOL Multiphysics 5.6 using 
the Radio Frequency, Electromagnetic Waves, Frequency Domain 
interface. The propagation of a THz wave was calculated through a 20 
cm straight section of the waveguide at 45.5 cm− 1 (220 μm). A silver 
tube with an inner diameter of 6 mm, the same as in the manufactured 
waveguides, was used as a model. Only part of the waveguide (20 cm), 
but not the whole one, was chosen because the calculation of the entire 
56 cm waveguide requires too many grid points to be considered, which 
was not possible for the computer used (two processors with 6 cores and 
2.4 GHz each, 256 Gb RAM, for more details see the supplementary 
material). Since only minor differences were found experimentally be-
tween tapered and untapered silvered waveguides, numerical simula-
tions were carried out only for untapered waveguides, which are 
straight pipes. 

4.3.1. Transmittance 
To mimic the experimental conditions, the initial distribution of the 

wave at the entrance to the waveguide was chosen as a focused linearly 
polarized Gaussian beam 2 mm in diameter. As the boundary conditions 
on the walls of the waveguide, the impedance boundary condition was 
used with the refractive index corresponding to the refractive index of 
silver at wavenumber 45.5 cm− 1 (n = 480.9, k = 647.7 [42]). The THz 
radiation transmission as a function of the distance from the waveguide 
entrance is shown in Fig. 4. 

According to Fig. 4, the losses in the waveguide change as a function 
of distance in a complex way, since the beam propagating in the 
waveguide consists of many modes with different attenuation constants. 
Nevertheless, the data were fitted using an exponential curve and the 
propagation over the entire length of the waveguide was obtained using 
an extrapolation of the fitting curve. The predicted transmittance of the 
entire waveguide is about 0.85 (3.1 dB/m). The deviation from the 
experimental data (see Table 1) can be explained by an additional losses 
in experiment due to coating roughness [43,44]. 

4.3.2. Polarization 
Numerical simulations of the wave propagation in the straight sec-

tion of the waveguide unveil the mechanism of almost complete loss of 
polarization in the proposed THz waveguides. Since the presence of 
energy losses complicates the qualitative description of polarization 
losses, the simulation was carried out without them. In this case, the real 
part of the surface impedance of the waveguide wall was assumed to be 
zero, as for perfect electric conductor. The incident beam was aligned 
with the waveguide axis; this allowed us to reduce the problem to an 
axisymmetric one. After the simulation we reconstructed the field 
amplitude at each point of the waveguide – the results are shown in 
Fig. 5a. Fig. 5b, 5c show the direction of the electric field vector in 
several cross-sections of the waveguide spaced every 40 mm. Two sit-
uations are considered, namely when the incident beam has zero phase 
(Fig. 5b) and when the latter has a phase equal to 90◦ (Fig. 5c). In the 
first case an instantaneous value of the electric field of the incident beam 
is maximum and with a phase shift of 90◦ this value is zero. Together, 
these two figures show changes in the polarization of radiation as it 
passes through the waveguide. For instance, if the phase shift of 90◦

results only in change of the amplitude of the electric field, the local 
polarization is linear (although the polarization direction may differ 
from that of incident beam). If the phase shift of 90◦ changes the di-
rection of the electric field, the local polarization of the wave is not 
linear. More specifically, if this change rotates the electric field vector by 
90◦ without changing its amplitude, the local polarization is circular. 
Otherwise, the local polarization is elliptical. 

According to Fig. 5b and 5c, changes in the phase of the incident 
beam give rise to the rotation of the electric field vector in the cross- 
sections of the waveguide everywhere except for two coordinate axes. 
Qualitatively, this can be described as a superposition of at least two 
modes (with different propagation constants), each having linear po-
larization along these axes. For instance, this can be modes EH11 and 
EH− 11 [46], which have maximum amplitudes of the electric field in the 
center and at 0.59 of radius – similar to the observed distribution of the 
z–component of the Poynting vector. However, detailed modal analysis 
is outside of the scope of this paper. Moreover, as discussed in the 
supplementary material this case is not representative for the polariza-
tion properties of tapered waveguides. In these simulations significant 
fraction of power goes into the EH11 mode, which conserves linear po-
larization. This explains the large polarization degree for waveguide 8 at 
45.5 cm− 1. By contrast, in the tapering region EH11 mode will couple to 
other modes, leading to additional depolarization. Unfortunately, we are 
not aware of any simple way to describe this process. 

4.4. Mutual orientation of the propagation vector k of the THz wave and 
magnetic field B0 of the EPR spectrometer 

The experimental and simulation results described in the previous 
subsections show that the proposed THz waveguides have relatively 
high radiation transmission coefficients for the NovoFEL frequency 
range. As an example of their use, we can consider two types of exper-
iments carried out at the EPR endstation in which THz radiation has, 
respectively, the following characteristics: (i) unpolarized with the ra-
diation propagation vector k perpendicular to the B0 field of the EPR 
spectrometer, (ii) circularly polarized with the propagation vector k 
parallel to the B0 field. Geometries when vector k is perpendicular or 

Fig. 4. Calculated dependence of the transmission coefficient (T, red circles) on 
the distance from the entrance to the waveguide and its exponential fitting 
(dashed blue line). The propagation of a THz wave was calculated through a 
straight section of the waveguide with a length of 20 cm at wavenumber 45.5 
cm− 1 (220 μm). The transmittance of the entire waveguide was obtained using 
an exponential fit extrapolation, and it is equal to 0.85 (3.1 dB/m). 
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parallel to the B0 field are called Voigt or Faraday geometries, respec-
tively [8]. The configuration (ii) allows selective excitation of spin 
transitions in high-spin systems [47–49]. 

EPR measurements with the sample irradiation by unpolarized THz 
light can be carried out straightforwardly. For this, a sample pellet (4 
mm in diameter) or a single crystal should be placed in a thin-walled 
polyethylene (PE) tube of, e.g., 4 mm in diameter. The PE tube can be 
fixed at the end of the waveguide using, e.g., parafilm. If necessary, a 

thin polytetrafluoroethylene film is used as the bottom of the tube. The 
described method of fixing the sample to the THz waveguide is sche-
matically shown in Fig. 6a. In this case, the radiation propagation vector 
k of THz radiation is perpendicular to the B0 field of the EPR spec-
trometer. The distance between the silver-coated end of the waveguide 
and the sample is about 8–10 mm that is optimal both to avoid the 
insertion of conducting THz waveguide into the EPR resonator and to 
uniformly irradiate the sample by THz light. 

Fig. 5. (a) Poynting vector displayed for 200 mm long straight section of the waveguide. The vertical scale is exaggerated for clarity. The arrows depict both the 
direction and the amplitude of the Poynting vector and their scale is logarithmic. The colorbar shows the z-component of the Poynting vector (in the linear scale) and 
is the same for all figures (a)-(c). (b) Electric field vector in several cross-sections of the waveguide spaced every 40 mm in the case when the incident wave has zero 
phase. The arrows depict both the direction and the amplitude of the electric field vector. The amplitude scale is logarithmic and the same for all parts in (b) and (c). 
(c) The same as (b) for 90◦ phase of the incident wave. 

Fig. 6. (a) The method of fixing the sample to the THz waveguide for EPR experiments under unpolarized THz radiation in Voigt geometry, in which the radiation 
propagation vector perpendicular to the B0 field of the EPR spectrometer. Proportions are exaggerated. (b) The same as (a) for experiments under polarized radiation 
in Faraday geometry; the radiation propagation vector is parallel to the B0 field. (c) From left to right: the photograph of the 3D printed polystyrene insert with a 1.5 
mm sample pellet and a silicone plate inside, the photograph of the insert with all assembled components for the experiment in Faraday geometry, and the 
photograph of the components. (d) Scheme of polystyrene insert with the most critical dimensions. In all figures numbers show: (1) MD-5 sapphire dielectric cylinder, 
(2) 4 or 1.5 mm ultrahigh-molecular-weight PE pellet of the sample, (3) thin-walled 4 mm PE tube, (4) 3D printed polystyrene insert, (5) rectangular silicon plate of 
about 2 by 3 mm that is used as a semiconductor mirror, (6) quarter-wave plate, (7) polarizer. 
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While unpolarized THz radiation can provide insight into the ther-
mal and spin relaxation of various systems using T-jump spectroscopy 
[30,50–52], resonant circularly polarized THz radiation can in principle 
be used to manipulate the spin state of single-molecule magnets (SMMs). 
Ref. [49] proposed an approach, in which circularly polarized alter-
nating magnetic fields in the far infrared or THz range induce selective 
magnetic dipole transitions between two Kramers doublets of the SMM 
with the total spin S = 3/2 and subsequent polarized microwave pulses 
transfer excitation inside the upper Kramers doublet. In order to perform 
selective excitation of inter-Kramers doublet transitions, i.e. +3/2 ↔ 
+1/2 or − 3/2 ↔ -1/2, one should use Faraday geometry, shown in 
Fig. 6b, where the radiation propagation vector k is parallel to the B0 
magnetic field of the EPR spectrometer [48]. Radiation should be 
circularly polarized that can be achieved by a polarizer and a quarter- 
wave plate. Taking into account the proposed waveguide design, THz 
radiation should be turned through 90◦ inside the MD-5 sapphire 
dielectric cylinder. Since the degree of radiation polarization at the 
waveguide exit is rather low (see Table 1), the polarizer and quarter- 
wave plate should be placed after the waveguide to restore the linear 
polarization and further convert it to the circular one, respectively. This 
implies that these optical elements should be placed in close proximity 
to the sample. 

For this purpose, we printed a polystyrene insert for the EPR reso-
nator, on which a mirror, quarter-wave plate, and the sample can be 
placed. Polystyrene practically does not affect the properties of the X- 
band resonator. The polarizer film can be fixed directly at the exit of the 
waveguide using adhesive tape or parafilm. The schematic representa-
tion of the insert is shown in Fig. 6d. The outer diameter of the insert is 4 
mm, which allows fixing it in a 4 mm PE tube that is used for experi-
ments in Voigt geometry. There is a 1.5 mm hole on the side wall of the 
insert for vertical fixing of the sample pellet. The quarter-wave plate is 
placed into a hollow on the bottom of the insert and glued to the wall by 
means of polystyrene dissolved in toluene. A mirror can be glued on a 
45◦ bevel located opposite the hole for the sample pellet. The top part of 
the insert is printed for rigidity and is cut before being fixed in the PE 
tube for carrying out experiments. The entire assembly, as well as its 
individual parts, are shown in Fig. 6c. 

As a mirror, we use a rectangular silicon plate with dimensions of 
about 2 by 3 mm, which reflects about 50% of incident radiation in the 
frequency range of the NovoFEL and does not affect the properties of the 
X-band resonator. The transmission coefficient of the assembly together 
with the waveguide is about 0.15 for the far infrared frequency range 
(30–285 cm− 1). Taking into account the high average power of the 
NovoFEL, achieved transmission coefficient makes it possible to carry 
out different experiments with circularly polarized pulsed radiation. 

5. Conclusions 

The obtained results and performed simulations show that the pro-
posed hollow THz waveguides have high transmittance in a wide fre-
quency range, but low efficiency of polarization retention. The design of 
the waveguides is tailored for their use in conditions of a highly limited 
aperture of the EPR probehead and allows radiation to be transferred 
over the distances of about 60 cm with moderate losses. The waveguide 
has a form of long hollow cylinder tapering towards the end. The 6 mm 
inner diameter implies multiple reflection of the THz radiation from the 
waveguide surfaces, demanding the latter be chemically coated by sil-
ver. The two possible design options, namely with a steeper (approxi-
mately 2–3 cm) or more gradual (approximately 5–6 cm) tapering region 
show practically identical performance. In both cases the transmission 
coefficient decreases with increasing wavenumber from about 0.65 (4.4 
dB/m) at 45.5 cm− 1 (220 μm) to about 0.10 (12.5 dB/m) at 1118 cm− 1 

(9 μm), which can be rationalized by an increase of the surface imped-
ance of the silvered waveguide with decreasing wavelength. The 
measured transmittance of the waveguides is comparable with the 
transmittance of a brass waveguide of the same design at all energies 

used. The polarization degree of transmitted radiation decreases sub-
stantially after passing through the waveguides. The highest output 
polarization degree for tapered waveguides was at the level of 0.35 for 
the wavenumber 45.5 cm− 1. The loss of the initial linear polarization of 
the beam during its propagation along the waveguide was confirmed 
both by qualitative geometrical-optics discussion and by the numerical 
simulations. 

The proposed waveguide design is flexible enough for further mod-
ifications and can be used for other setups with different spatial con-
straints and waveguide-shape requirements. In case of the EPR 
spectroscopy, the relative orientation of the radiation propagation vec-
tor k and the static magnetic field B0 is of particular importance. Mini-
ature insert consisting of THz polarizer, mirror and quarter-wave plate 
was developed in order to achieve the alignment of k with B0 and 
transform the linear polarization to the circular one inside the EPR 
probehead. The overall transmission coefficient of the miniature insert 
together with the waveguide is about 0.15 making it possible to carry 
out EPR experiments using circularly polarized high-power pulsed 
radiation. 
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