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Abstract 

 

Every material has a unique set of electrical 

characteristics that are dependent on its dielectric 

properties. Accurate measurements of these properties 

can provide scientists and engineers with valuable 

information to properly incorporate the material into its 

intended application. 

In this report a short overview of variety of 

methods, instruments and fixtures to measure the 

dielectric properties of materials in broad frequency 

range up to 1,5 THz is presented. 

Introduction 

A wide variety of industries need a better 

understanding of the materials they are working with to 

shorten design cycles, improve incoming inspection, 

process monitoring, and quality assurance. Every 

material has a unique set of electrical characteristics 

that are dependent on its dielectric properties. Accurate 

measurements of these properties can provide scientists 

and engineers with valuable information to properly 

incorporate the material into its intended application for 

more solid designs or to monitor a manufacturing 

process for improved quality control.  

A dielectric materials measurement can provide 

critical design parameter information for many 

electronics applications. For example, the loss of a 

cable insulator, the impedance of a substrate, or the 

frequency of a dielectric resonator can be related to its 

dielectric properties. The information is also useful for 

improving ferrite, absorber and packaging designs. 

More recent applications in the area of aerospace, 

automotive, food and medical industries have also been 

found to benefit from knowledge of dielectric properties. 

Keysight Technologies, Inc. offers a variety of 

instruments, fixtures, and software to measure the 

dielectric properties of materials. Keysight 

measurement instruments, such as network analyzers, 

impedance analyzers and LCR meters range in 

frequency up to 1.5 THz. Fixtures to hold the material 

under test (MUT) are available that are based on coaxial 

probe, parallel plate, coaxial/waveguide transmission 

lines, free space and resonant cavity methods. In this 

report a short overview of measurement techniques, 

instruments and fixtures to measure the dielectric 

properties of materials in broad frequency range up to 

1,5 THz is presented. Detailed description of 

measurement techniques and fixtures were presented in 

Keysight literature [1, 2, 3, 4]. 

Measurement techniques 

There are several measurement techniques that 

exist for measuring dielectric properties of materials, 

most frequently used methods are presented in Fig.1. 

 

 
 
Fig.1. Materials measurement techniques 

Transmission line method 

The sample is placed in a guided transmission line 

such as a coaxial airline or waveguide straight section 

or suspended in free space between two antennae. 

Several algorithms to calculate permittivity and 

permeability from S-parameter measurements are 

available to choose from. Coaxial airlines or rectangular 

waveguide transmission lines are used as sample 

holders. The transmission line method works best for 

materials that can be precisely machined to fit inside the 

sample holder. The Keysight software N1500A includes 

an algorithm that corrects for the effects of air gap 

between the sample and holder, reducing the largest 

source of error with the transmission line technique. 

With special fixtures and measurement equipment this 

method could cover frequencies from 200MHz to 1.1 

THz. 

Free space method 

In this method, materials are placed between two 

antennas for a non-contacting measurement. The free 

space method works best for large flat solid materials, 

but granular and powdered materials can also be 

measured in a fixture. It is very useful for many 
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applications such as non-destructive testing, measuring 

materials that must be heated to very high temperatures, 

or measuring a large area of material that is non-

uniform such as honeycomb or a composite. Depending 

on measurement system, this method could cover 

frequency range from few GHz till 1.5 THz. As a 

reference samples for calibration accuracy verification, 

PTFE samples could be used. Typical measurement 

results of 1.5mm thick PTFE sample in a frequency 

range from 0,75 to 1,1 THz are presented in Fig.2. 

Special quasi-optical beam focusing systems could be 

used to improve measurement accuracy and 

repeatability. 

 

 
 

Fig.2. Real part of permittivity for 1.5mm PTFE sample 

Resonant cavity method 

Resonant cavity method is the best suitable for thin 

films, substrate materials, and other low loss dielectric 

materials. The resonant cavity method uses a network 

analyzer to measure resonant frequency and Q of a 

resonant cavity fixture, first empty and then loaded with 

the sample under test. Permittivity can then be 

calculated from these measurements, knowing the 

volume of the sample, and some other parameters about 

the resonant cavity. Because it is a resonant method, 

only one frequency point is reported. However, it is 

much more sensitive and has better resolution than the 

other techniques. Typical resolution for this method is 

10-4 where the broadband method is 10-2.  

Coaxial probe method 

The coaxial probe method is best for liquids and 

semi-solid (powder) materials. A typical measurement 

system consists of a vector network analyzer or 

impedance analyzer, a coaxial probe and software. 

Depending on the analyzer and probe used, we can 

measure from 10 MHz to 50 GHz. Measurements are 

conveniently made by immersing the probe into liquids 

or semi-solids – no special fixtures or containers are 

required. Measurements are non-destructive and can be 

made in real time. These important features allow the 

dielectric probe kit to be used in process analytic 

technologies. 

Parallel plate capacitor method 

The parallel plate method, also called the three-

terminal method in ASTM standard D150 [5], involves 

sandwiching a thin sheet of material or liquid between 

two electrodes to form a capacitor. The measured 

capacitance is then used to calculate permittivity. The 

method works best for accurate, low frequency 

measurements of thin sheets or liquids. A typical 

measurement system using the parallel plate method 

consists of an LCR meter or impedance analyzer. 

Keysight offers several test fixtures such as 16451B, 

16452A and 16543A depending on material types and 

applied frequency ranges that can cover up to 1 GHz. 

Conclusion 

Many factors such as accuracy, convenience, and 

the material shape and form are important in selecting 

the most appropriate material measurement technique. 

Keysight offers a wide variety of solutions to measure 

the dielectric properties for most types of materials in a 

broad frequency range up to 1.5 THz. 
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The first observation of the free induction signals of OH radicals in the te-

rahertz region. 
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Hydroxyl radical OH is the main oxidizing agent 

in combustion processes and in atmospheric chemis-

try.  The rotational spectrum of OH is comparatively 

simple  -  there are less than 10 absorption lines in the 

therahertz region, corresponding to transitions be-

tween the lower rotational states of the radical. The 

FID signal was observed at the OH absorption line at  

83.8 cm-1, that corresponds to the transition from the 

lowest rotational state of OH. Hydroxyl radicals were 

generated in the following sequence of chemical reac-

tions: 

O3 +  (hν = 266 nm)       O(1D)   + O2                   (1) 

O(1D)  +  H2O                 2 OH                             (2) 

OH    +     OH              H2O   + O                        (3) 

The concentration of OH radicals was  ~  1015 

cm-3,  lifetime ~   300 …. 700 mks.  

The pulse of UV laser (266 nm) was synchro-

nized with the FEL pulses.  Shape of the FEL pulse 

with FID signal after the optical cell was recorded by 

an ultrafast Schottky diode detector and 30GHz oscil-

loscope.  

Fig.1 shows the first experimentally observed 

FID signal of a hydroxyl radical, accumulated at 500 

mks after the UV pulse The moment t = 0 corresponds 

to the input FEL pulse. The signal from the laser pulse 

was accumulated separately, in the absence of radi-

cals., and was subtracted . 
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Fig. 1. Experimentally observed  FID signal of OH radical. 

Exciting laser pulse was acc accumulated separately  and 

subtracted. Dashed line – numeric modeling of the FID.  

 

Absorption line of the OH radical is a - doublet 

with a splitting of 4.3 GHz. The width of the FEL 

spectrum exceeds this splitting, therefore the laser 

simultaneously excites both components of the dou-

blet. The FID signal contains characteristic beats with 

a period of 0.23 ns.  

By  changing delay between UV pulse and mo-

ment of measurements we can see the growing of OH 

concentration and at big delays decay of the OH con-

centration.  

During the lifetime of the OH radical, many puls-

es of FEL pass through the cell, each of which initi-

ates a FID signal. We could register a sequence of 10 

pulses simultaneously, obtaining separate frames of 

the birth and death of the radical  

The influence of the magnetic field on the FID 

signal was studied by numerical simulation.  A longi-

tudinal magnetic field leads to a rotation of the polari-

zation plane of the signal. The angle of rotation de-

pends on the time after the FEL pulse. The effect of a 

nonmonotonic rotation of the polarization was pre-

dicted - after a certain time after the pulse, the direc-

tion of rotation changes 
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Fig. 2. Influense of magneticfield 100 G on OH spectrum 

(upper  plot) and on FID signal. Red line  shows the rotation 

angle of polarization plane of the FID vs.time.  
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Closing the terahertz gap: a composite approach toward measuring contin-

uous dielectric functions from microwave to visible wavelengths 

Robert D. Dawson1, Alexander V. Boris1 

1Max Planck Institute for Solid State Research, Stuttgart, Germany, r.dawson@fkf.mpg.de 

Many correlated electron materials are known 

to harbor low-lying states at terahertz (THz) fre-

quencies which often couple to higher-energy spec-

tral features. However, technical limitations have 

made it difficult to obtain optical responses across 

large bandwidths without gaps in the THz range. 

We present a technique which combines micro-

wave interferometry, time-domain THz spectros-

copy, and ellipsometry to obtain the full complex 

optical response function without gaps from mi-

crowave to visible wavelengths. 

The study of quantum and correlated electron ma-

terials remains one of the largest research thrusts in 

physics and materials science today. This attention is 

due to the intriguing unconventional nature of this 

class of materials, which results from novel electron 

and quasiparticle entanglement and topological prop-

erties. These unconventional properties give rise to a 

menagerie of exotic and competing phases, such as 

those which make up the complex phase diagram of 

the high-temperature copper-oxide superconductors, 

and in general remain to be fully understood [1]. 

A key aspect of correlated electron materials is 

that they possess states lying at low energies which 

couple to higher energy spectral features as a conse-

quence of their strong electron interactions. This as-

pect manifests in the optical response functions of the 

materials as pronounced shifts of the optical conduc-

tivity spectral weight across large frequency ranges as 

a function of temperature, chemical doping, and ap-

plied magnetic field. In the case of the copper-oxide 

high temperature superconductors, for example, opti-

cal conductivity spectral weight up to mid-infrared 

energies participates in the superconductivity-induced 

changes of the material response, while low-energy 

signatures of the ground state remain at microwave 

frequencies and below. This implies that in order to 

properly capture the nature of the low-energy phase 

transitions in the cuprates, and quantum materials in 

general, the low-energy optical response must be re-

lated to the optical response at energy scales which do 

not correspond to the characteristic gap energy, but 

rather to the maximum energies of the fundamental 

interactions which drive the phase transitions. 

However, the presence of both high- and low-

energy spectral features in the optical response of 

correlated electron materials further complicates the 

study of their underlying physics because the response 

of robust phases tends to strongly mask the more deli-

cate spectral fingerprints of the competing orders. 

Optical techniques which rely on Kramers-Kronig 

transformations to extract the full material response, 

such as infrared reflectivity, may thus not resolve 

these fine spectral features, since extrapolations of the 

data above and below the measured frequency range 

may introduce artifacts into the calculated response 

functions. A full and accurate understanding of the 

optical response of correlated electron materials there-

fore requires a technique which is not only very broad 

in its spectral range, but also directly sensitive to both 

the dissipative and inductive parts (the real and imag-

inary parts, respectively) of the material dielectric 

function. 

Here, we present a composite optical spectrosco-

py technique to extract the continuous dielectric func-

tions of thin film materials between 0.6 meV and 6.5 

eV. The technique is based on the independent meas-

urement of the complex dielectric function in the mi-

crowave regime via quasi-optical interferometry and 

in the far-infrared through visible spectrums by means 

of spectroscopic ellipsometry, but takes the crucial 

step of connecting the microwave regime to the far-

infrared regime through the application of high-

resolution time-domain THz spectroscopy. Until re-

cently, technological limitations have hindered the 

development of high-power emitters and detectors 

operating in the THz regime, but recent advances in 

large-area electro-optic antennas [2] and asynchro-

nous optical sampling techniques [3, 4] have allowed 

THz spectroscopy to be applied to high-resolution 

studies of the low-energy electrodynamics of solids. 

The main advantage of time-domain THz spectrosco-

py is that it probes both the amplitude and phase re-

sponse of materials by directly obtaining the temporal 

profile of the THz electric field as it passes through a 

sample. Therefore, by combining quasi-optical mi-

crowave interferometry and ellipsometry with time-

domain THz spectroscopy, it is possible to extract 

both the real and imaginary parts of material dielectric 

response functions at all frequencies between 0.6 

meV and 6 eV without the need for Kramers-Kronig 

relations. 

We perform initial measurements of the complex 

dielectric function in the microwave range from 0.6–

1.6 meV (5–13 cm-1) using a microwave interferome-

ter in the Mach-Zehnder geometry with a backward 

wave oscillator as the radiation source. The change in 

transmission and the phase shift induced by the sam-

ple are measured separately as a function of frequency 

and then inverted together to obtain the complex opti-

cal response σ1(ω) and ε1(ω) in the measured frequen-

cy range. 

Next, the complex optical response is obtained 

from near-IR to visible frequencies by means of spec-

troscopic ellipsometry. Far-IR measurements in the 

range 10–90 meV (80–700 cm-1) are measured with a 

homebuilt ellipsometer using a Bruker IFS 66v/S Fou-

rier transform IR spectrometer and a synchrotron ra-

diation source at the IR-1 beamline of the Karlsruhe 

Research Accelerator at the Karlsruhe Institute of 
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Technology. Measurements in the mid- and near-IR 

(90 meV–1.2 eV, 700–10000 cm-1) are performed at 

the MPI for Solid State Research in Stuttgart with a 

homebuilt ellipsometer based on a Vertex 80v Fourier 

transform IR spectrometer, while measurements in the 

visible range (0.6–6.5 eV) are performed with a 

commercially-available Woollam variable angle spec-

troscopic ellipsometer. After data collection in all 

spectral ranges, the measurements of the ellipsometric 

angles Ψ and Δ from each instrument are collated and 

appended, and then used to directly calculate the 

complex optical response σ1(ω) and ε1(ω) in the fre-

quency range 10 meV to 6.5 eV. 

Time-domain THz spectroscopy measurements 

are performed in the transmission configuration using 

a LaserQuantum HASSP spectrometer, operating at 1 

GHz repetition rate. The data collection scheme is 

based on the asynchronous optical sampling technique 

[3, 4] which removes the need for a physical moving 

time delay stage and extends the width of the measur-

able temporal window to 1 ns. A LaserQuantum 

TeraSED large-area, interdigitated-type antenna is 

used for THz generation, which provides a usable 

THz bandwidth of 0.2–6.5 THz (0.8–27 meV). THz 

measurements of epitaxial thin films (20–100 nm) 

grown on 0.5–1 mm thick substrates are carried out 

several times in an alternating sample-reference order 

to reduce the effects of measurement drift over time, 

with an identical bare substrate used as the reference. 

The time-domain waveform of each sample and refer-

ence are windowed with identical Gaussian-shaped 

window functions to remove the train of reflected 

pulses which originate from reflections of the main 

THz pulse from optical components within the spec-

trometer. Complex-valued transfer functions are then 

calculated from each sample-reference pair and aver-

aged. Finally, the complex index of refraction n + ik is 

calculated from the averaged transfer function by in-

version of the Fresnel transmission coefficient for a 

thin film on a thick dielectric slab. 

The substrate thickness mismatch between the 

sample substrate and reference substrate must be con-

sidered when calculating the complex index of refrac-

tion, since thickness variations on the order of a mi-

cron or less can correspond to changes in the trans-

mission amplitude and phase similar in magnitude to 

those induced by the thin films. Initial measurements 

of the thickness of both the sample and the reference 

are therefore made with a high-precision Nikon TC-

101A micrometer with accuracy better than 10 nm. 

Furthermore, small diffraction effects due to shape 

variances in the measurement aperture between sam-

ple and reference also can correspond to significant 

changes in the complex film transmission. To reduce 

artifacts due to this effect, a single-fixed-aperture 

measurement scheme was developed which featured a 

single copper aperture of diameter 3–9 mm rigidly 

fixed to a large copper sample cage. The sample and 

reference were then mounted onto a small frame with 

a thin Mylar sheet, and could be moved freely into 

and out of the beam path. 

The values of σ1(ω) and ε1(ω) calculated from 

time-domain THz spectroscopy were merged with 

those from microwave interferometry and IR ellip-

sometry by introducing a complex-valued substrate 

thickness mismatch constant into the phase of the 

Fresnel transmission coefficient, and allowing it to 

vary slightly as a fitting parameter. Correct values of 

the substrate thickness mismatch were taken as the 

values which produced smooth agreement between 

THz data and microwave or IR data where the meas-

urements overlapped. 

Finally, the validity of the measurement method 

is checked by carrying out a Kramers-Kronig con-

sistency analysis of the measured complex optical 

response. The measured σ1(ω) data is extrapolated 

from the lowest measured frequency to ω = 0 with a 

material-dependent model assumption, and then its 

Kramers-Kronig transformation is calculated. A high 

degree of agreement between the calculated transfor-

mation and the measured ε1(ω) indicates success of 

the composite measurement method. The Kramers-

Kronig consistency analysis also allows the sensitivity 

of this measurement technique to be extended to fre-

quencies below the lowest measured energy, because 

the extrapolation procedure definitively assigns opti-

cal conductivity spectral weight to the low energy 

domain. 

In conclusion, we have presented here a compo-

site wide-band technique to directly obtain both the 

real and imaginary parts of the continuous complex 

dielectric function of materials from 0.6 meV to 6.5 

eV. This technique is based on the combination of 

independent quasi-optical, time-domain THz, and 

spectroscopic ellipsometry measurements. While not 

required to extract the full material optical response, a 

Kramers-Kronig consistency check is performed to 

assess the validity of the method. Due to the extreme-

ly wide-band nature of the technique and its non-

reliance on Kramers-Kronig analysis, the technique is 

well-suited to the study of optical properties of quan-

tum and correlated electron materials, and indeed is 

already showing some promising results on epitaxial 

thin films of copper oxide high-temperature super-

conductors. 
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Absorbance of oxipane material in THz frequency range 
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ITMO University, Saint-Petrsburg, Russia, GomonDA89@ya.ru 

Introduction. 

The THz range is typically defined as 0.1–

10 THz. A lot of molecules (biological molecules for 

example) have strong electromagnetic response in this 

frequency range. That why THz radiation is widely 

used in such areas as telecommunications, radar and 

imaging systems, material spectroscopy, medical di-

agnosis and therapy.
[1-7]

 
Creating a compact reliable source of terahertz 

(THz) radiation is one of the most formidable tasks of 

contemporary applied physics.
[8,9]

 One of the latest 

trends in THz technology
[10]

 is to use carbon nano-

tubes, cylindrical molecules with nanometer diameter 

and micrometer length,
[10-14]

 as building blocks of 

high-frequency devices. 

This work devoted to study “oxipane” optical 

properties (such absobance, permittivity, refractive 

index) in THz frequency range. Material “oxipane” 

may be effective absorber for using in biological de-

structive THz frequencies screening. 

Experimental setup. 

A 3D-image of the THz TDS setup is shown in 

Figure 1 
[15, 16]

. The femtosecond IR laser parameters 

are the following: a central wavelength of 1040 nm; a 

full width at half maximum (FWHM) of 5 nm; an 

average output power of 1.1 W; and a pulse width of 
120 fs. The femtosecond infrared laser beam is split in 

two beams: probe and pump with a ratio of 10% to 

90%, respectively. The optical delay line controls 

optical path of the pump beam. The beam is modulat-

ed by a chopper (Ch) at 667 Hz. The generator of the 

THz radiation (InAs crystal) takes place in a magnetic 

system with a field of 2 T. After passing through an 

IR radiation filter, the THz beam incidents on the 

sample.  

 
Fig. 1. Schematic of the THz TDS setup with optical illu-

mination. Ch – optical chopper, InAs – THz radiation gen-
erator (InAs crystal in a magnetic field of 2 T), G – Glan 

prism, CdTe – nonlinear crystal,     and     – half-wave 

and quarter-wave plates, W – Wollaston prism. 

The THz radiation induces birefringence in the 

electro-optical crystal (CdTe) for the infrared probe 

beam. Probe IR beam is split by Wollaston prism (W) 

into two beams with orthogonal polarization, which 

are detected by balanced photodiodes (balanced detec-

tor). The Fourier transform of the temporal waveform 

     gives the spectral distribution of the THz pulse 

in the frequency domain. The THz field in the fre-

quency domain is a complex value, containing the 

amplitude and the phase information which may be 

used to calculate all complex optical properties of a 
sample. 

Description of oxipane properties. 

Oxipane is an innovation high-temperature non-

woven material from chopped polyacrylonitrile fiber. 

Oxipane could be used as a protective layer for differ-

ent applications: 

1. Heat protection: Can be used as an efficient heat 

protection in the temperature regime below 300-

450 °С, as an incombustible lining for sewing 

working clothes, as a fire barrier membrane in the 

production of soft furniture and seats in public 

transport, and for filtration of hot gases. 

Oxipane or non-woven materials with oxipane addi-

tives are used as protective membranes in seats of 

airplanes, trains, and other public transport. The use 

of oxipane retards fire propagation and, as a conse-

quence, ejection of toxic substances. 

2. Manufacturing of gas filters: Oxipane filters va-

pors and aerosols of acids, alkalis, and solvents, 

including those heated to 450 °С. 

The use of filters based on oxipane makes it possible 
to improve ecological environment on territories adja-

cent to metallurgical complexes, enterprises produc-

ing cement, pulp-and-paper mills, chemical complex-

es, and a series of other enterprises related to produc-

tion of harmful products. 

That why oxipane is perspective candidate for 

sewing of working clothes: An oxipane lining possess 

a low heat conductance and, as a consequence, pos-

sesses a decrease in the thermal effect on the human 

organism. 

Material oxipane may present effective 

absorptance in THz frequency range. That means that 

oxipane could be used for THz frequencies screening. 

 

Formulas and results. 

Oxipane characteristics such as real part of refrac-

tive index, the absorption coefficient, real and imagi-

nary part of permittivity were calculated by formulas 
[17]

: 

Real part of refractive index: 

            
                  

    
, 
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where c is the speed of light in vacuum, l is the 

thickness of medium, f is the frequency, φ(ω) is phase 

data. 

The absorption coefficient: 

     
 

 
   

         

         
  , 

        and         reference and sample 

waveforms were converted by Fourier transformation. 

Real and imaginary part of permittivity: 

              
          

     

                           

 
 

a b 

  

c d 

  

e f 

Fig. 2 Absorbance, permittivity and refractive index spectra 

of experimental samples with different density: 95 (a, c, 

e).and 110 (b, d, f) g/m2 

In this paper we investigate the oxipane optical 
properties (such absorbance, permittivity, refractive 

index) in THz frequency range using THz time do-

main spectroscopy 
[18]

. We studied two oxipane sam-

ples with different density: (95 and 110 g/m
2
). Their 

absorbance, permittivity and refractive index spectra 

are shown in Fig. 2. 

Conclusions. 

Oxipane optical parameters spetra were investi-

gated in 0,15-1 THz range. Absorption coefficient 

shows increasing character with values from 1,5 to 10 

cm
-1

 and from 0 to 12 cm
-1

 for examples with density 

of 95 g/m
2
 and 110 g/m

2
 respectively. Permittivity 

shows small fluctuations with average value 1,17 and 

1,24 for examples with density of 95 g/m
2
 and 110 

g/m
2
 respectively. Refractive index also shows small 

fluctuations with average value of 1,09 and 1,11 for 

examples with density of 95 g/m
2
 and 110 g/m

2
 re-

spectively.  

That means that oxipane is an perspective candi-

date for tunable THz components. 
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In recent years, two-dimensional (2D) materials 

have attracted heightened interest of researchers in-

cluding the field of terahertz (THz) science [1]. De-

spite significant progress in this direction, especially, 

in the study of the first 2D material – graphene, there 

is still a need to search for new materials with superi-

or characteristics. Such new 2D materials can be po-

tentially useful for advanced THz photonics devices 

due to their unique properties. From this point of 

view, detailed study of their THz properties such as 

photoconductivity and optical properties is a prerequi-

site for their successful use [2].  

In this work, we study infrared optical pump in-

duced changes in terahertz conductivity of 5-layered 

(FLG) and 80-layered (MLG) pristine and chemically 

modified (by FeCl3 intercalation) graphene on dielec-

tric and semiconductor substrates using terahertz 

time-domain spectroscopy.  

The scheme of system used is depicted on the Fig. 

1. The 980 nm continuous-wave (CW) laser was used 

as a pumping source. 

 
Fig. 1. Scheme of the experimental THz-TDS setup. 

To obtain complex sheet conductivity dispersions, 

an effective medium model and a thin-film approxi-

mation [3] were used (when the sample thickness is 

much smaller than the operational wavelength):  

                      
 ̂      

 ̂      
 

 ̂     

 ̂          ̂   
 ,              (1) 

where  ̂       and  ̂       are the complex ampli-

tudes of the signals transmitted through the sample on 

a substrate (full structure) and bare substrate corre-

spondingly,  ̂    is the substrate refractive index, 

       Ohm is the free space impedance. The 

complex amplitudes mentioned above were obtained 

by the fast Fourier method (FFT) from the THz signal 

timeforms, which were previously processed to avoid 

spectral distortions resulting from diffraction on a 

substrate and reflections in its volume. This method 

allows to get both an amplitude and phase of a THz 

wave transmitted through the air, substrate and a sam-

ple. 

The extracted complex sheet conductivity disper-

sions are depicted in the next Figures. 

 
Fig. 2. Complex sheet conductivity dispersions of FLG on 

quartz substrate for the different pumping power values.  

 
Fig. 3. Complex sheet conductivity dispersions of FLG on 

PET substrate for the different pumping power values. 

It is seen that conductivity behavior strongly de-

pends on a type of dielectric substrate, and the losses 

in the abovementioned structures are low (for the case 

of pristine FLG). 
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Fig. 4. Complex sheet conductivity dispersions of FeCl3-

FLG on quartz substrate for the different pumping power 

values. 

 
Fig. 5. Complex sheet conductivity dispersions of FeCl3-

FLG on PET substrate for the different pumping power 

values. 

The losses in the FeCl3-FLG on PET substrate are 

much smaller than for the case of quartz substrate, 

and both real and imaginary parts of conductivity can 

be effectively tuned. The real part of conductivity in 

FeCl3-FLG on quartz substrate doesn’t change with 

optical pumping, but the imaginary part can be tuned 

more effectively than in case of PET substrate. 

 
Fig. 6. Complex sheet conductivity dispersions of FLG on 

Si substrate for the different pumping power values. 

 
Fig. 7. Complex sheet conductivity dispersions of FeCl3-

FLG on Si substrate for the different pumping power values. 

Without pumping, the losses in intercalated MLG 

sample on a Si substrate are much lower than in pris-

tine one, and the real part of conductivity can be tuned 

in the wider range. The tunability of imaginary part is 

slightly higher for the case of pristine MLG. 

 
Fig. 8. Complex sheet conductivity dispersions of MLG on 

Si substrate for the different pumping power values. 

 
Fig. 9. Complex sheet conductivity dispersions of MLG on 

TPX substrate for the different pumping power values. 

Both the real and imaginary parts of complex 

conductivity can be effectively tuned in the pristine 

MLG on Si substrate, and only the imaginary part can 

be tuned in the case of TPX substrate (the losses in 

MLG on this substrate are static). For the both cases, 

the losses are high, but the parameters tunability also 

has high quality. 

Results indicate that the conductivity of investi-

gated materials strongly depends on pumping intensi-

ty, number of layers, presence of impurities and the 

type of underlying substrate. Using this materials, the 

amplitude and phase of THz radiation can be effi-

ciently adjusted. The findings are helpful for design-

ing of optically tunable terahertz devices based on 

new two-dimensional materials beyond graphene 

monolayer. 

This work was supported by Government of Rus-

sian Federation (Grant 08-08). 
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Introduction 

 

Metamaterials is a class of composite structured 

materials with specific properties which cannot be 

found in nature. Usually these materials consist of 

unit cells, or meta-atoms, consequently the properties 

of metamaterial depend on the array of such unit cells. 

The ability of transformation of the unit cell allows to 

design and convert metamaterials for the necessary 

frequency range. Applications of metamaterials in 

terahertz frequency range attract more and more atten-

tion due to an ability to cover a lack of simple and 

chip elements and systems for terahertz frequencies, 

such as multispectral imaging systems [1], [2] tunable 

reflectors[3], switchers[4], filters[5], perfect absorbers 

[6] polarization converters, mirrors, etc. Such problem 

is being solved by using chiral metamaterials. In this 

work we studied the possibility of the transmitted 

wave polarization changing by metasurfaces with 

different geometry. The results of the research can be 

used for THz polarimetry biomedical diagnostics [7-

8]. 

The unit cell under the investigation 

 

The sketch of the unit cell of metasurface under 

study is shown in Fig. 1. The rosette consists of four 

planar aluminium half-rings rotated around the nor-

mal line placed in the center of the unit cell. The outer 

radius Rmax is 150 μm, the width of petals is 25 μm. 

The rosette is patterned on a dielectric (ε=3.5) sub-

strate, which thickness is defined as h=65 μm and the 

side size is a=600 μm. 

 
Fig. 1. The unit cell of the metasurface. 

 

The scheme of virtual experiment 

 

The numerical simulations were performed in 

CST Microwave Studio based on Finite-Elements 

method [9]. The linearly polarized waves become 

elliptically polarized ones after the propagation 

through the metasurface (Fig.2). To characterize the 

polarization state of the transmitted wave the co- and 

cross-polarization spectra Txx and Txy were found. 

 
Fig. 2. The scheme of virtual experiment. 

The impact of geometry changes on polarization 

properties of the transmitted waves was investigated 

in two cases. In the first one, the ellipse aspect  ratio 

(hereinafter referred to as “the ratio”) forming the 

petal of the gammadion was the changed parameter. 

In the second case the angle α of the rosette rotation 

was varied. In this paper, four different cases have 

been studied: α1 =0 degrees, α2 =15 degrees, α3 =30 

degrees, α4 =45 degrees. These manipulations can be 

seen in Fig. 3. 

 

Fig. 3. Chiral unit cell geometry changes: a) from left 

to right: ellipse aspect  ratio b/a1=2, b/a2=1, b/a3=0.5; b) the 

angle α of the rotation of the rosette. 
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Results 

The ellipticity angle are derived using Jones ma-

trix [10] in terms of transmission of the left- and 

right-handed circularly polarized waves (T++,T−−) in 

the frequency 0.1 – 0.8 THz. The ellipticity angle 

shows a type of polarization: thus, the value of |η|=45 

degrees corresponds to the circular polarization of the 

electromagnetic waves, and signs “+” or “-“ before 

the value refers to the right-handed or left handed type 

of polarization state respectively; values between 

η=±45 degrees are related to elliptical polarization 

state, except the case when η=0 for linear polariza-

tion.The results can be seen in Fig. 4.  

 

Fig. 4. The ellipticity angle spectra of the metasurfaces with 

different geometry: a)  metasurfaces with different ellipse 

aspect  ratio b/a; b) metasurfaces with different rotation 

angle of the rosette. 

The varying of the ratio leads to shifting of the 

values of these frequencies and changing of the 

metasurface polarization properties. As it shown in 

the Fig. 4-a, the small ratio leads to bigger polariza-

tion conversion.  Also it should be noticed that the 

sign of the ellipticity angle is changed. When b/a=0.5, 

the ellipticity angle reaches its maximum of 45 de-

grees at 0.41 THz. So, the polarization is almost right-

handed circular one in this case. 

The similar situation with rotation of the chiral 

rosette is observed (Fig. 4-b). There is a noticeable 

change in the ellipticity angle with changing the angle 

α. When α=45 degrees, the minimum of the ellipticity 

is -39 degrees at 0.41 THz, which means that the po-

larization state  is very close to left-handed circular 

one. 

Conclusions 

In this work geometry impact on polarizing 

properties of  terahertz chiral at the operating frequen-

cies range of 0.1-0.8 THz was studied. The rotation of 

the chiral rosette and changing of the ellipse ratio 

leads to the changing of the ellipticity angle. There-

fore it is possible to predict the required polarizing 

properties of metasurface and make an elliptic polar-

izer or linear polarization rotator, or make one 

metasurface which can be used as both of them de-

pending on the geometrical properties of the rosette. 
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It was realized gradually that for the creation of 
new bioelectronic devices we need to understand the 
principal limitations of the transport characteristics of 
existing biological materials, including proteins and 
pigments. Deep understanding of this problem pushed 
different scientific groups to apply the best practices 
of solid state physics to biologically derived materials 
and to expand the ranges of temperatures and 
humidities in their studies far beyond common physi-
ological ranges. 

For many decades proteins and pigments were 
studied by methods of solid state physics without 
thorough control of sample humidity and often in very 
narrow temperature intervals. For these reasons 
application of theoretical models developed to 
describe the mechanisms of charge transport and 
relaxation processes in these materials was limited. 
However, the recent studies of conductivity in 
bacterial filaments [1] and films [2], proteins [3], 
artificial peptides [4] and synthetic eumelanin [5] 
revealed crucial importance of the thorough control of 
humidity. 

It was found that the effect of water on bioorganic 
material is not limited solely to the creation of a 
network of hydrogen bonds, which allows accelerated 
transfer of protons by the Grotthuss mechanism. 
Water has a direct effect on the efficiency of elec-
tron/hole transfer, causes oxidation-reduction 
reactions, doping materials with charge carriers. In 
addition, an increase of water concentration can do 
both increase and decrease the level of order in the 
bioorganic system. 

In recent years a rich phenomenology of universal 
dielectric phenomena in bioorganic systems, 
previously known only for inorganic phases, has been 
discovered and studied. It became clear that water 
directly affects the frequency of the boson peak [6], 
the transitions between NCL regime, hopping regime 
and Drude-like regime of conductivity in bio-organic 
phases [3]. Application of wide-range spectroscopy 

(from 1 Hz to 1014 Hz) made it possible to connect the 
water binding features detected in the terahertz range 
with the transport regimes observed in the radio 
frequency range. 

This report will present the results of the transport 
studies we have obtained on such objects as 
extracellular bacterial filaments, cytochrome c, bovine 
serum albumin, extracellular matrix of the bacteria 
Shewanella oneidensis MR-1 and melanin. The 
investigations were carried out over a wide range of 
temperatures (5-300 K) and were supplemented by 
measurements of the specific heat and a number of 
other parameters. 

In the report, an attempt will be made to 
comprehend in a single manner the diverse and at the 
same time the general phenomenology that is 
observed in this list of materials. 
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I. Brief theory and definitions 

Plasmons are collective oscillations of the free 
electron gas density. Just as light consists of photons, 
the plasma oscillation consists of plasmons. Plasmon 
coupled with photon forms another quasiparticle 
called a plasmon-polariton. Plasmon-polaritons propa-
gating along a “metal-dielectric” interface are called 
surface plasmon-polaritons (SPPs). They represent 
themselves a complex of an evanescent p-polarized 
electromagnetic wave coupled with a wave of density 
of free charges on surface of a (semi) conductor. 

The field of optics studying surface plasmons is 
often described as Plasmonics, by analogy with elec-
tronics [1]. “SPPs is the best known method for con-
fining and guiding EM radiation into the smallest pos-
sible volume” [2]. 

By solving Maxwell’s equations with the appro-
priate boundary conditions, one can find out that: 1) 
field of surface plasmons is p-polarized, in order to 
build polarization of the metal surface; 2) they can 
exist provided the metal dielectric constant is nega-
tive; 3) their dispersion relation (between the tangen-
tial component of the SPP wave number kx and the 
angular frequency  of their field) for a “metal-
dielectric” interface has the form [2]:              

            
DM

DM










c
kx ,                     (1) 

here c is the speed of light in free space; M and D are 
the dielectric constants of the metal and the dielectric. 

The complex value of M makes kx a complex 

quality as well, with a real component '
xk  that defines 

the dispersion of SPPs and an imaginary component 
"
xk  that is proportional to the Joule losses of the SPPs. 

The dispersion curves for SPPs on a metal adjoin-
ing vacuum or a dielectric are presented in Fig.1. The 
dotted lines indicate so called “light lines” depicting 
the dispersion of plane waves in a relevant medium. 
As one can see, the real component of the SPP wave 
number is close to the light lines at low frequencies; 
SPPs have light-like characteristics in the terahertz 
(THz) range that is THz SPPs are weakly bounded to 
the interface and propagate a long distance (meters). 

The value of '
xk  deviates from the respective light 

line as the frequency increases, which is accompanied 
by stronger confinement (in the dielectric) of the SPPs 
to the interface. Note, that as  approaches the value 

DpSPP   1  (here p is the plasma frequency 

of the metal) the value of M 0 and the deviation of 
'
xk  from ko (the wave number of a plane wave in vac-

uum) infinitely increases, while the propagation 
length of the SPPs is drastically reduced [2]. Thus one 
may state that in the low-frequency limit (THz range) 
SPPs acquire the photonic character, while in the 
high-frequency limit (SPP) they resemble a me-
chanical wave (plasmonic character).  

 
Fig. 1. The dispersion curves of SPPs on interfaces “metal –
vacuum” (curve 1) and “metal – dielectric with D” (curve 2). 

From the expression for SPP it follows that there 
are at least two ways for controlling confinement (as 
well as the propagation length) of SPPs to the surface: 
1) to change the value of p by, for example, replac-
ing the metal with a semiconductor; 2) to cover the 
surface with a dielectric layer (curve 2 in Fig.1).  

II. Achievements in THz plasmonics 

Metals have very large permittivity at THz fre-
quencies, typically 5 to 6 orders of magnitude larger 
than at optical frequencies. This reduces the penetra-
tion depth of the SPP field into the metal and results 
in a weak confinement of the field to the surface, as 
well as in an increase of the SPP propagation length L 
due to the reduction of ohmic loses in the metal.  

According to the Drude model for the dielectric 
permittivity of metals values of L~2 (here  is the 
radiation wavelength). But already first experiments 
with SPPs excited by THz gas lasers revealed great 
discrepancy between the calculated and measured L 
values. In the experiments, THz SPPs ran distances an 
order or even two orders smaller than those predicted 
by the theory: real THz SPPs ran from a few to tens of 
centimeters [3]. As it was found out later, the main 
reason for this was not only the difference between 
the dielectric permeability of the metal surface and its 
bulk value, but also the significant radiative losses 
arising from scattering of SPPs on the surface inho-
mogeneities [4]. To reduce the losses it was suggested 
to cover the surface with a thin (~/100) dielectric 
layer shifting in this way the dispersion curve from 
the light line and thus making the “SPPs – bulk radia-
tion” process less probable. 

ko =/c   

1 

2 

'
xk  

kо  kx  

SPP1 

ko = D
c
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Later on it was proposed to employ the newly de-
veloped time-domain spectroscopy (TDS) technique 
for experimental studies of THz SPPs [5, 6]. Using 
the technique Prof. D. Grischkowsky with colleagues 
estimated average values of L and SPP field penetra-
tion depth  into air; they also discovered the capabil-
ity of THz SPPs to jump through cm air gaps between 
the adjacent metal plates. The TDS is beneficial in 
many respects when investigating bulk samples, but 
this method has obvious pitfalls of dispersion origin 
when SPPs are under study. Using monochromatic 
radiation produced by lasers, one can avoid problems 
with dispersion of broadband SPPs, uncertainty in 
phase shifts at the coupling and decoupling elements, 
as well as the necessity of the inverse Fourier trans-
form in data processing. 

Intensive studies of THz SPPs are conducted with 
the Novosibirsk free-electron laser (Novo FEL) at the 
Siberian Synchrotron and Terahertz Radiation Centre 
[7]. Here they managed to master the end-fire cou-
pling method for effective conversion of FEL radia-
tion into THz SPPs employing cylindrical segments as 
coupling elements; this made it possible to measure 
carefully field distribution along the SPP track, to 
study diffraction of THz SPPs on the rectangular 
sample edge, to detect bulk waves emitted from the 
SPP track, to investigate explicitly the process of SPP 
passing from one to another substrate via air gaps, to 
establish capability of THz SPPs to be reflected by 
plane mirrors and to be divided by plane beam split-
ters [4, 8, 9]. Based on these achievements we have 
developed and tested the device for measuring the 
propagation length of THz SPPs in which the input 
and output elements are fixed; this enables one to per-
form measurements with a high signal-to-noise ratio. 

 
Fig. 2. Device with fixed coupling elements for measuring 
the propagation length of THz SPPs. 

Recently one more way for controlling the value 
of p, and thus the value of SPP, was discovered; this 
method consists in creating periodic structures (holes, 
recesses, or objects) of subwavelength dimensions on 
the metal surface [10]. Such SPPs were called “spoof” 
or “designed” surface plasmons. The method allows 
confining THz SPPs not only on metals, but also on 
graphene, as well as on superconductors [1, 2]. More-
over, it turned out that conductive layers “decorated” 
with ordered holes have the ability to selectively 
transmit THz radiation with the transmission effi-
ciency proportional to (r/)4 (here r is the radius of 
each hole).  

III. Prospects of THz plasmonics 

We can distinguish the following promising areas 
of THz plasmonics development: 

1) SPP communication channels based on ex-
tended metal-dielectric structures (wires) with rectan-
gular or circular cross-section. The advantages of this 
method of information transmission are the following: 
first, the speed of THz SPPs is the maximum possible 
(it almost equals the speed of light); secondly, it leads 
to an extremely low group velocity dispersion, allow-
ing essentially undistorted pulse propagation; 

2) design of SPP interferometers that will make it 
possible to create surface plasmon Fourier spectrome-
ters of the THz range; 

3) intensive study of “spoof” surface plasmons 
(especially on graphene) and their interaction with 
bulk THz radiation; 

4) generation of THz SPPs on semiconductor sur-
faces by radiation with p condensing the light in 
the vicinity of the surface and thus paving the way to 
THz microscopy with super high resolution; 

5) study of “localized” SPPs (LSPPs) in semicon-
ductor micron-size particles which, in contrast to 
metal ones, are pervious for THz radiation. Exciting 
LSPPs one may concentrate the radiation energy in a 
very limited space.   

The work was supported by the Russian Science 
Foundation (grants No. 18-12-00430 and 14-50-00080).  
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The refractive index (n) and absorption (tanδ) in-
vestigations in different kind of ceramic materials 
produced in Russia and Germany were made by using 
the open Fabry-Perot resonator with Q factor of ap-
proximately 106 in the frequency range 50-200 GHz 
in IAP RAS [1]. The low frequency measurements 
were made using cavity resonator by producer of ma-
terials [2].  

Photos of ceramic samples of LK grade produced 
by JSC “Magneton Plant” (St. Petersburg) are shown 
in Fig. 1. 

 

 
Fig. 1. Vacuum tight foam ceramics produced by JSC 
“Magneton Plant” with extra low refractive index values 

Table 1 

 
n / Ɛ 

f = 9.4 GHz 
tanδ [10-4] 

f = 9.4 GHz 
ρ [g/cm3] 

LK-1.5 1.22 / 1.5 ≤ 5 0.48 
LK-2 1.41 / 2 ≤ 8 0.8 

LK-2.5 1.58 / 2.5 ≤ 12 1.2 
LK-3 1.73 / 3 ≤ 15 1.5 

 
Dielectric parameters of vacuum tight foam 

ceramics obtained at low frequencies are presented in 
Table 1. The loss tangent frequency dependencies of 
grades LK-2.5 and LK-3 are presented in Fig. 2. The 
vacuum tight foam ceramics are very interesting 
materials for microwave applications because it is 
possible to slightly change the foam content and by 
this way to get the needed refractive index value. But 
measurements are meaningless above 200 GHz due to 
strong losses increasing mainly due to scattering by 
"foam". By this reason the grades LK-1.5 and LK-2 
are not for using at MM waves. 

At the range 100−200 GHz the refractive index 
increases practically linearly from n=1.58 (9.4 GHz) 
to n=1.61 (170 GHz) for LK-2.5 and from n=1.73 
(9.4 GHz) to n=1.763 (192GHz) for LK-3. 

The main parameters of ceramics produced by 
“Magneton Plant” are presented in Table 2. (at 
170 GHz). The loss tangent frequency dependencies 
of “traditional” ceramics are practically linear at MM 
waves and refractive indices are practically constant. 

 
Fig. 2. The loss tangent frequency dependencies of grades 
LK-2.5 and LK-3 

Table 2 
Grade n tanδ [10-4] ρ [g/cm3] 

MST-7.3 2.685 8.5 3.18 
MST-10 3.185 9 3.37 

BK-100M 3.165 4 3.98 
TK-20 4.416 50 3.78 
TK-40 6.255 37 4.78 
LK-2.5 1.61 9 1.2 
LK-3 1.76 50 1.5 
ST-3 1.707 20 1.15 
ST-4 1.995 21 1.35 

ST-10 3.194 36 2.00 
 
MST grades are the ceramic materials with very 

stable refractive index values which are traditionally 
used as constructive elements in microwave technol-
ogy. Materials can be made in the different form in-
cluding very complicated ones. 

TK grades are thermally stable microwave ce-
ramics which are widely used to create matching and 
structural elements, substrates for integrated circuits, 
filters, dielectric resonators with increased require-
ments for thermostability of dielectric characteristics. 

ST grades are microwave dielectrics based on 
polymers filled with titanium dioxide. In a large-scale 
production the materials of this series are the basis for 
the manufacture of products of complex shape with 
high accuracy by injection molding methods. 

BK corundum ceramics are the alumina-based 
material with various modifying additives. It is tradi-
tionally used for manufacturing of substrates for inte-
grated microwave circuits, substrates for high voltage 
stabilizers, microstrip device supports, as well as 
high-voltage insulators and energy output windows 
for medium-power generators. 

The main parameters of ceramics produced by 
“Friatec” (Germany, http://www.friatec.de) are pre-
sented in Table 3. Fig. 3. presents the results of loss 
tangent measurements. It is the traditional ceramics 
on the base of different kind of oxides with different 
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 2 

additives for “improving” of electromechanical prop-
erties. 

 
Materials 
(170 GHz) 

n tanδ 
[10-4] 

k 
[W/cm∙K] 

α 
[10-6 
K-1] 

E 
GPa 

Degussit 
(AlN) 

2.91 5.8 1.8-2 3.6 330 

Frialit 
HP79 
(Si3N4) 

2.07 70    

Degussit 
Al23 HF 
(Al2O3) 

3.14 2.7 0.35 7.3 380 

Degussit 
Al23 
(Al2O3) 

3.313 3.6 0.35 8.2 350 

Frialit 99.7 
HF (Al2O3) 

3.15 2.7 0.35 7.3 350 

Frialit 99.7 
(Al2O3) 

3.15 6 0.35 7.3 350 

Frialit FZT 
(ZrO2) 

3.36 9 0.25 7.5 460 

Frialit FZM 
(ZrO2+Mg) 
 

5.46 40 0.03 10.4 500 

 

 
Fig. 3. Loss tangent frequency dependencies of “Friatec” 
samples 

Conclusion 

At present, the JSC “Magneton Plant” (St. 
Petersburg) (http://www.magneton.ru) has mastered 
the mass production of 35 grades of dielectric materi-
als continuously overlapping the range of dielectric 
constant (ε) values from 1.5 to 120. Work is in pro-
gress to start producing the grades with the values of  
ε ≈ 140, as well as to increase the thermal resistance 
of dielectric materials based on polymers to tempera-
tures of 120 ÷ 250°C [1]. 

As a result of the research, it can be concluded 
that a number of materials, with low absorption, are 
quite suitable for use in MM and partially in the 
SubMM ranges for various structures interacting with 
electromagnetic wave. 

 
The work was partly supported by the Russian 
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Introduction
A millimeter wave chirped pulse spectrometer

(mmWCP) has been developed to study chemical
reactivity at low temperature using the CRESU technique
[1]. The project goal is to detect and quantify gas species
created during reactivity at thermodynamic conditions
close to interstellar media, requiring the combination of
the 2 techniques cited above. The first part of the project,
undertaken at the LPCA, is the realization and the
development of the mmWCP operating between 190 - 210
GHz [2]. One of the interests of this instrument is its
capability to simultaneously and rapidly measure
numerous molecular transitions of different species in gas
phase by probing individual rotational transitions.
However, during the trials of the experiment, we were
confronted with the difficulty of determining the
rotational line intensities according to their position
within the chirped pulse. For this reason, we have
undertaken a theoretical study to get obtain an analytical
expression for the detected signal as a function of the line
position in the pulse.

Experimental set up
A mmWCP instrument operates in 2 phases. The first

is the polarization of the gas under study by the CP
source. The second phase is the recording the Free
Induction Decay (FID) signal after extinction of the CP
source.

Fig. 1. mmWCP experiment

The mmWCP is generated by mixing the AWG CH1
with a fixed oscillator before being frequency-multiplied
to the 190 to 210 GHz range. It is launched into free space

using a diagonal horn antenna and propagated through the
sample chamber. A second diagonal horn antenna is used
to couple the molecular FID signal to the sub-harmonic
mixer. The other ports of the mixer are used to provide
the local oscillator (LO) signal and extract the
intermediate frequency (IF). The IF signal is recorded
using a fast oscilloscope while being triggered by a timing
signal generated by the AWG. A large number of
measurement cycles are averaged before applying a FFT
to obtain the spectrum. The experiment can detect line
intensities of the order of 10-26 cm-1/molec.cm-2 in few
seconds and has the possibility to scan over 10 GHz in
one shot [2].

Theory
Polarization phase - The measured molecular signal

is proportional to the gas polarization at the end of the
chirped pulse Tc. At this stage we used the optical Bloch
equations [3, 4] to describe the evolution of an isolated
molecular system for which 2 energy levels |a> and |b>
are probed. We will suppose that the system is submitted
to an electric field E with a linear time dependent
pulsation:

The optical Bloch equations are then given by :

(1)

(2)

(3)

where z(t) is the polarization, W(t) the difference popula-
tion of the 2 levels, Weq the difference at the thermody-
namic equilibrium, t1 and t2 are the inverse of relaxation
times of levels and dipoles respectively, W0 is the Rabi
frequency, Tc is the duration of the chirp, c is a unitless
parameter describing the molecular resonance position in
the chirped pulse (0<c<1 and ω(c T c)=ω0 ) and Dw is
the pulsation extension of the chirp.
In order to find a solution, at least in a first approxima-
tion, we solve in the equations (1) the one containing

z̊ (t )  while considering W(t) given, and the other one
while considering z(t) given. Two uncoupled first-order
differential equations are therefore obtained providing a
general formulation of the solution. Then, considering the
initial conditions (z(0)=0 and W(0)=Weq), we have

(4)

We can write the 2 functions as series:

z̊(t ) =−( τ2+i ω0) z (t )− i ε(t )W (t )

W̊ (t ) =−τ1 (W (t )−W e q)+
1
2 i

(ε*(t ) z(t )−ε(t ) z*(t ))

ε(t)=Ω0 e
−i [(ω0−c Δω) t+Δω

2Tc

t2]

Ω0=
μab . E0

ℏ
and ω(t)=ω0−c Δ ω+ Δω

T c

t

z ( t ) =−i ∫0
t e−( iω0+ τ 2 )( t−x )ε( x )W (x )d x

W (t ) =W e q+
1

2 i
∫ 0

t e−τ 1( t −x )( ε*( x ) z( x )−ε(x ) z*( x))d x

z(t )=z( 0)( t )+z(1 )(t )+z(2 )(t )+…
W ( t )=W ( 0)( t )+W (1 )( t )+W (2 )( t )+…
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and find the solutions by successive approximations:

(5)

Taking the initial conditions (z(0)=0 and W(0)=Weq), only
the odd terms of the z-series and the even terms of the W-
series remain. We will work with z(1)(t) and W(0)(t)=Weq

and do a changing variable to simplify the equations (ro-
tating frame):

(6)

Then we can show that for t=Tc :
(7)

with

rapp (which is positive) represents the amplitude of z(1(Tc),

qapp its phase and ξ̃  induces a small oscillation. In
particular rapp, tends to 0 when Tc tends to 0, increases

until it reaches a maximum when T c=
T 2

2(1−c )
 with

value √2 π
e

√T c

Δω
W e q Ω0  and then it decreases toward 0 as

T c →+∞ . The approximation which retains rapp is
already very good to describe the system behavior.

Free Induction Decay (FID) – In this phase, the Rabi
frequency vanishes and the optical Bloch equations sim-
plify [3]. Using an heterodyne detection scheme, we can
demonstrate that the output signal is :

S ( t ' )=B √ T c

Δω e

−Tc

T 2

(1−c)

[e
−t '
T 2

−
t ' 2 ΔωD

2

4 cos(ω IF t '+Φ)] (9)

where t '=t−T c  and B is a constant depending of the
experiment (amplifiers, mixers …). Applying a FFT, we
can access the signal amplitude at the intermediate fre-
quency:

(10)
Experimental results

We compared the theoretical model we obtained with
experimental data recorded with carbonyl sulfide gas
(OCS). We chose the 17->16 rotational line centered at
206.745 GHz. The output signal amplitude at the IF have
been measured for different gas pressure and different po-
sitions of the molecular resonance in the CP described by
the c parameter. The figure 2 compares experimental
measurements and analytical modelisations for 3 different
c values. A very good agreement is obtained between ex-
perimental data (blue points) and model (red curve) for a
1 GHz extension chirp and for a 100 mbar gas pressure
(collisional width larger than Doppler width).

Conclusion
We used a mathematical method by successive ap-

proximations to solve the optical Bloch equations and to
get an analytical formula giving the output signal of a
chirped pulse experiment. This will be useful for absolute
intensity lines measurements and to optimize the pulse
duration to obtain the best signal to noise ratio.

(a) c = 0.1

(b) c=0.5

(c) c = 0.9

Fig. 2. Output signal amplitude ATF (νIF) , function of pulse
duration Tc, recorded for OCS at 206.745 GHz with line
resonance position c as parameter. Comparison of experimental
data (blue points) and model (red curve) from equation (10)
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ξ (1)(t )=z(1)(t)e
i[(ω0−c Δ ω) t+Δω

2 T c

t2]

ξ (1)(T c)≈ ρa p p e iθ a p p+ξ̃

ρa p p =
√2 π Ω 0W e q

√ Δ ω
√T c exp [

−T c

T 2

(1−c ) ]

θ a p p = (1−c )2 Δω
2

T c−
3
4

π                                                      (8)

ξ̃ =
W e q Ω 0

Δ ω
( 1

1−c
+1

c
exp [i Δ ω

2
T c(1−2 c )])exp [

−T c

T 2

(1−c ) ]

ATF (ν IF )=
B

√Δ ω
√T cexp [

−T c

T 2

(1−c) ]

z (n+1 )( t ) =−i ∫ 0
t e−( i ω0+τ 2 )( t −x)ε ( x )W (n )( x )d x

W (n+1)( t ) =
1
2 i

∫ 0
t e− τ1( t−x )(ε*( x ) z(n )( x)−ε( x )z (n )*(x ))d x
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Optical second harmonic (SH) generation from 
interfaces of different materials is widely used for 
surface studies. The surface breaks the symmetry al-
lowing SH generation even in isotropic media. The 
quality of the surface as well as presence of an addi-
tional layers on the surface significantly influence on 
SH generation. Also, it was shown that application of 
constant external electric field changes the magnitude 
of the generated SH signal [1]. In Ref. [2] it was pro-
posed to use a weak THz electric field to modulate 
SH generation from surface of nontransparent optical 
material (silicon) as a method to measure THz field 
waveform. Here we propose to use THz induced SH 
generated by femtosecond laser radiation to detect 
optically hidden layers (glue) placed not only on the 
surface but also into a bulk of transparent materials 
(quartz). We showed that existence of terahertz radia-
tion influences on SH generation only from the inter-
faces (glue-quartz, air-quartz) and not from the bulk 
of the quartz. To explain this effect a model based on 
interaction of electromagnetic radiation with an elec-
tron in coulomb potential biased by embedded surface 
electric field was proposed and analyzed. 

A Ti:Sapphire laser system (1 mJ, 1 kHz, 70 fs) 
was used in our experiment. The optical beam was 
divided into two parts (see Fig. 1). The first pulse 
generated THz radiation in a LiNbO3 crystal by the 
tilted-front technique [3]. The THz pulse (the wave-
form is shown in Fig. 2(a)) was focused on the sample 
collinear with a probe (weak) femtosecond optical 
pulse. The sample was fabricated by cementing of two 
0.9 mm fused quartz plates by glue with thickness of 
about several μm. The generated optical SH was de-
tected by PMT in reflection and transmittance setups. 
In the first setup the sample was placed at 45° to inci-
dent probe pulse and PMT detected reflected optical 
SH. In the second setup the probe optical pulse prop-
agated normally to the incident surface of the sample 
and PMT detected transmitted optical SH. 

Figure 2(b) shows the SH signal as a function of 
delay time between optical and THz pulses in the 
transmittance setup (the similar signal but two orders 
less magnitude was measured in the reflection setup). 
Due to different velocities of THz and optical pulses, 
their interaction occurs at different points inside the 
sample. The measured SH signal at t = 0 corresponds 
to the signal from the entrance surface of the sample, 
at t = 1.4 ps – from the interface glue-quartz, and at 
t = 2.7 ps – from the output boundary of the sample. 
The dependence obtained in Fig. 2 (b) demonstrates 
the possibility of determining the presence of internal 
boundaries in the material that are not visible in the 

optical range. With the known values of the refractive 
indexes for optical and THz radiation, one can find a 
depth of internal inhomogeneity. 

 

Grating 

Delay line

Ti:Sapphire 
laser system 
50 fs 
1 mJ 
700 Hz 

Optical probe 

Optical pump

λ/2 

LN P1 

P2 

PM1 

PM2 PM3 
THz 

λ/2 

L1

L2

L3 

400 nm 
filter 

Sample 

Band pass  
400±20 nm 
filter 

800 nm-filter 
(BG) 

GP2 

PMT 

GP1 

Photon 
counter  

Iω = 3 GW/cm2

Fig. 1. (a) Experimental setup. LN – LiNbO3 crystal; PM1, 
PM2 and PM3 – parabolic mirrors; GP1,GP2 – Glan prisms; 
PMT – photo multiplier tube; P1, P2 – THz polarizers.  
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Fig. 2. (a) THz waveform. (b) THz induced optical SH genera-
tion from cemented quarts plates. 

 
The fundamental feature of the dependence in 

Fig. 2(b) is absence (or negligible small value) of SH 
signal from the bulk. Indeed, the SH in the bulk of 
isotropic material can be generated by the fundamen-
tal harmonic via cubic nonlinearity in the presents of 
external constant (or low-frequency) field. Thus, the 
optical and THz pulses should intersect in space. Due 
to material dispersion the optical and THz pulses in-
teract in the bulk on a walk-off distance 

/ ( )w THz optL c n n  , where τ – THz pulse dura-

tion, THzn  and optn  – terahertz and optical refraction 

coefficients, respectively. Taking τ = 500 fs we have 
for fused quartz Lw = 300 μm. Changing the time de-
lay results to moving the position of interaction region 
inside the sample. If the thickness of the sample (1.8 
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mm) is more than the walk-off length (as in our ex-
periment) the dependence of SH signal on time delay 
should have step-like profile with rising and falling 
times 0.5   ps (with possible modulation due to 
short ~ 10 μm coherent length between first and sec-
ond optical harmonics). Such signal was not measured 
in the experiment. At the same time, the signal tracing 
the form of THz intensity was well observed that in-
dicates the presents of a source of the second har-
monic only near the interfaces. 

To qualitatively explain the above-discussed ex-
perimental result we considered a nonlinear response 
of hydrogen-like atom in the field of optical and THz 
radiation. The presence of the interface was modeled 
by applying additional constant field with correspond-
ing orientation. The simulation was based on 2D and 
3D numerical solution of Schrödinger equation. It was 
shown that near the surface the SH response has a 
resonance defined by the value of the constant field. 
Switching-off of the constant field (that corresponds 
to moving atom into the bulk) leads to a decrease in 
the second harmonic by several orders of magnitude 
in agreement with experimental data. This single-
particle theory gives a good qualitative explanation of 
experimental results. For more accuracy (and better 

quantitative agreement with experimental data) one 
should take into account the number of atoms in the 
bulk and near the surface as well as the dynamics of 
their radiation. 

 
This work was supported in part by the RFBR, re-

search project No. 18-02-00968. 
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Electron and/or nuclear spin states are well-

known for their use as potential qubits for quantum 

computing [1]. Single-qubit operation on an electron 

spin-1/2 qubit can be performed by using microwave 

(mw) pulse with frequency matching the energy of the 

transition between the two spin states. Double reso-

nance techniques allow one to manipulate more than 

two quantum states simultaneously during the pulse 

sequence. Thus, certain two-qubit operations can be 

implemented [2]. 

We have performed electron-nuclear double reso-

nance (ENDOR) and double electron-electron reso-

nance (DEER) manipulations of electronic and nucle-

ar spin states of trivalent gadolinium impurity ions in 

CaWO4 host crystal. The sample of CaWO4:Gd
3+

 

(0.01 at. %) single crystal was grown in Kazan Feder-

al University by the Czochralski method. Experi-

mental studies were done by using helium flow cryo-

stats at X-band Bruker  Elexsys  E580  spectrometer 

(T = 5-25 K, microwave frequency ν ≈ 9.7 GHz). 

Pulsed electron paramagnetic resonance spectrum of 

Gd
3+

 ion in CaWO4 host crystal (magnetic field B || c 

axis) is shown in Fig. 1.  
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Fig. 1. Pulsed EPR of Gd3+ ion in CaWO4 crystal, B || c axis 

 

It consists of six resonance lines corresponding to 

various Sz1 → Sz2 transitions between the states of the 

ground spin-7/2 multiplet. Containing 8 lowest-

energy spin states (Sz = –7/2÷7/2), Gd
3+

 ion can be 

viewed as model three-qubit system. Single-qubit 

manipulations in this system have been demonstrated 

in our previous work [3]. There, mw pulse excited one 

of the six transitions (chosen by appropriately tuned 

magnetic field), and the resulting Rabi oscillations 

were recorded in the time domain of the mw pulse. 

Since the impurity gadolinium ions contain odd 
155

Gd and 
157

Gd isotopes with nuclear spin I = 3/2 

(natural abundance 14.8% and 15.6%, respectively), 

one can use pulsed ENDOR in order to manipulate 

both the electron and nuclear spin states of these iso-

topes simultaneously. The total basis of 8∙4 = 32 elec-

tro-nuclear states would expand the possible quantum 

algorithm to 5-qubit operations. In order to demon-

strate the control of both the electron and nuclear spin 

states simultaneously, we used Davies ENDOR pulse 

sequence [4]: an initial mw π pulse is followed by the 

radiofrequency (rf) π pulse, then the remaining elec-

tron state is probed by the mw two-pulse spin-echo 

sequence. If the rf pulse frequency matches the nucle-

ar transition, the final echo intensity changes. An ex-

ample of ENDOR spectrum corresponding to 

5/2→3/2 electronic transition near B = 244 G swept in 

the range 0-50 MHz of the rf pulse is shown in Fig. 2. 

Here, four peaks corresponding to certain electronu-

clear transitions (two pairs corresponding to 
155

Gd and 
157

Gd nuclear spin flips) are present. The positions of 

the peaks agree well with our theoretical estimations. 
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Fig. 2. Pulsed Davies ENDOR of Gd3+ in CaWO4 crystal, B 

= 244 G is directed along the crystal c axis, T = 20 K  

Since the positions of the lines in Fig. 1 are orien-

tation-dependent [5], one can choose an appropriate 

direction of B with respect to the crystallographic 

axes, so that two electronic transitions lie within the 

800 MHz bandwidth of the two-frequency DEER 

equipment. EPR spectrum in certain orientation (13 

degrees between B and c axis) is shown in Fig. 3. 

There, two high-field transitions, 5/2→3/2 and 

7/2→5/2, involving three electronic levels, are drawn 

together, the corresponding resonance fields differ by 

≈ 100 G. Then, the following two-frequency pulse 

sequence has been applied: π/2(ν1) – π/2(ν1) – π(ν2) – 

π/2(ν1), where the indices in brackets denote the mw 
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pulse frequency. There, ν1 = 9.74 GHz corresponded 

to the resonant transition 5/2→3/2 at 7210 G, while ν2 

was swept in the range 9.3-10 GHz. When ν2 did not 

match any transition, a usual three-pulse stimulated 

echo for 5/2→3/2 transition was recorded. However, 

when ν2 matched either 5/2→3/2 or 7/2→5/2 transi-

tion energy, the third (flipping) π pulse inversed the 

populations of the two involved spin states, so that the 

echo intensity was decreased. 

7000 7200 7400

Magnetic field, G

7/2    5/2

5/2    3/2

 
Fig. 3. A part of pulsed EPR spectrum of Gd:CaWO4 when 

B is directed at an angle of 13 degrees with respect to crys-

tal c axis 
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Fig. 4. DEER of Gd3+ in CaWO4 crystal, B = 7210 G, T = 

20 K, see text for full description  

The coherence loss associated with the third pulse 

resulted in two dips in the echo intensity: at ν2 = ν1 

(original 5/2→3/2 transition), and at ν2 = 9.49 GHz 

(7/2→5/2 transition), see Fig. 4. An estimated magni-

tude of the observed hole burnt is ~ 10% of the one at 

ν2 = ν1, this figure is attributed to the inhomogeneous 

broadening of the resonance lines. In order to measure 

the corresponding coherence time of the three-state 

ensemble (a qutrit), we have recorded the transient 

nutation of the 7/2→5/2 coherence. There, the dura-

tion of the third ν2 pulse resonant with 7/2→5/2 tran-

sition was varied in the range 0-4 μs, while the dura-

tion of the π(ν2) pulse was ≈ 180 ns. The resultant 

echo intensity vs. the pulse duration is shown in Fig. 

5. 
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Fig. 5. Oscillations of the 5/2→3/2 transition coherence 

implemented by pulsed DEER, see text for full description 

 

Finally, we have demonstrated electron-electron 

and electron-nuclear spin manipulations of Gd
3+

 ion in 

CaWO4 crystal. The results suggest that the studied 

system is perspective for multiqubit implementation 

in quantum computing.  

This work was financially supported by the Rus-

sian Science Foundation (Project no. 17-72-20053). 
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Ices are one of the most common kinds of dense 

matter in the Universe. There are more than 180 vari-

ous molecular astrophysical ices, including H2O, CO, 

CO2, CH3OH, etc. [1]. Surface chemical processes on 

icy mantles of dust particles play an important role in 

formation of new molecules, including biologically 

relevant organic species [2, 3]. Therefore, thorough 

studies of the ice properties may shed light to such 

astrophysical problem, as understanding the origin of 

the volatiles and organics – the building blocks of 

life – in space and then on the early Earth. 

Analysis of astronomical observations in different 

ranges of electromagnetic spectrum is the main tool 

for experimental studies of ices in the Universe. These 

observations employ mostly a mid-infrared (IR) range 

of wavelengths [1, 4], but also cover far-IR and te-

rahertz (THz) ranges, provided by such space tele-

scopes, as Hershel [5] and SOFIA [6]. A cornerstone 

of proper interpretation of these observations is their 

comparison to IR and THz spectra of astrophysical ice 

analogs obtained in laboratory conditions. Recent 

works were mainly dedicated to the analysis in mid-

IR frequency region [1], with only a few works con-

cerned on THz spectroscopy [7, 8]. However, in spite 

of its importance, the presently available data related 

to spectroscopy in IR and THz range are still incom-

plete or even have not been performed for a lot of ice 

compounds, to our knowledge. 

In the present work, we apply previously devel-

oped method [9-13] for reconstruction of both real 

and imaginary parts of dielectric permittivity, using 

the THz time-domain spectroscopy (TDS). This tech-

nique allows us to measure optical properties of as-

trophysical ice analogs in a broad range of wave-

lengths, that is required for detailed study of radiative 

transfer in ice mantles of astrophysical dust particles. 

We developed an experimental setup allowing simul-

taneous growth and THz TDS of thin ice films of dif-

ferent molecular compositions. 

The experimental setup for the spectroscopic 

measurements is composed closed-cycle He cryostat 

and THz time-domain pulsed spectrometer (TPS). The 

cryostat is mounted on a motor controlled translation-

al stage to tune its position with respect to the THz 

beam. The cryocooler vacuum chamber is equipped 

with four ports for optical access and for the gas inlet. 

Optical windows and a substrate for the ice growing 

are made of high-resistivity float-zone silicon (HRFZ-

Si) with different thickness, the smallest one for the 

substrate, in order to suppress multiple resonances in 

the THz spectra. The pumping station that operates 

with gas mixture for ice sample deposition is com-

posed of a turbomolecular pump combined with a 

backing rotary pump. The THz TPS used for the pre-

sent work has been basically purchased from the 

Batop GmbH, and it is coupled with two photocon-

ductive antennas made of low-temperature grown 

gallium arsenide and a femtosecond laser with a pulse 

repetition rate of 100 MHz and an average input pow-

er of 65 mW. Further technical details on an experi-

mental setup one can find in the upcoming work at 

Astronomy & Astrophysics journal [11]. 

Growth of the ices on the substrate is organized 

using standard technique using vapor deposition on 

the cold substrate in the vacuum chamber. To attain 

ice thickness of a mm order, fast deposition regime is 

employed. The first experiments were performed with 

ice of CO, deposited at 14 K in a several deposition 

regimes, with 4, 5 and 6 min deposition steps, and up 

to the total 30 min deposition time. 

The reconstruction procedure of the optical prop-

erties of ice layers is organized in the same manner as 

in previous works [9-13]. The signal propagated 

through the empty vacuum chamber at 14 K was used 

as the reference one for analysis of the sample signal 

propagated through the chamber with grown ice lay-

ers on the substrate. Then, the time-domain signals 

(reference ballistic and sample satellite pulses) were 

analyzed to have initial estimations of ice layers’ 

thicknesses and a real part of the sample refractive 

index, to enhance the accuracy of data post pro-

cessing. Reliability of the employed approach is con-

firmed by independent measurements of the sample 

thickness [15], and observed linear increase of the 

total initial thickness of ices in different deposition 

regimes. In result [14], the optical properties of CO 

ice were measured in the range of 0.3–2.0 THz, with a 

clearly expressed Lorentz-like peak centered near 1.5 

THz, which stands in a good agreement with previous 

studies [16, 17]. 

This work was partly supported by the Russian 

Foundation for Basic Research (RFBR), Project #18-

32-00816. 
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Teraherz (THz) molecular spectroscopy is a pow-

erful instrument for solving both fundamental and 

applied problems. Molecular physics, remote sensing, 

chemical and isotopic analysis, medicine (breath 

analysis) are among the applied problems which can 

be solved using molecular spectroscopy methods. 

Sensitivity, resolution and operating pressure 

range are the most crucial parameters of any spec-

trometer. High resolution of gas spectrometers allows 

observing the lines that uniquely as fingerprints char-

acterize molecules, opening up vast possibilities, on 

the one hand, for the outlook at the molecular level, 

and, on the other hand, for qualitative and quantitative 

analysis of gas mixtures. High sensitivity of the spec-

trometer allows the significant expand of the range of 

the studied objects. The higher the sensitivity, the 

greater the number of lines which can be observed in 

the experiment. Finally, the wider the pressure range, 

the extensively the knowledge about intermolecular 

interaction which is required for adequate interpreta-

tion and modeling of the molecular spectra. However, 

use of only type one spectrometer cannot guarantee 

the data reliability. Use of several instruments of the 

different principal of operation allows obtaining more 

information on molecular spectra with higher accura-

cy and reliability. 

In this report we present a complex of broadband 

THz/subTHz spectrometers (see [1] and references 

therein) with complementary abilities developed in 

IAP RAS. The complex consists of three spectrome-

ters with different methods of spectra recording cov-

ering the widest pressure range from a part of mTorr 

to a few atmospheres. All of them utilize backward 

wave oscillator (BWO) as a radiation source which 

frequency is stabilized by a phase lock loop (PLL) 

against a harmonic of a microwave frequency synthe-

sizer and cover a frequency range from 30 GHz to 

about 1 THz. 

The first spectrometer is a conventional video 

spectrometer [2] operating in a pressure range from a 

part of mTorr to about 1 Torr. The principle of its 

operation consists in detection of a change of radia-

tion power passed through the gas cell filled with the 

gas investigated. A spectrometer cell is a 2 m long 

and 113 mm diameter stainless-steel tube with pol-

ished internal cell surface. Optical vacuum windows 

are made of high-density polyethylene and are cone-

shaped to reduce the standing-wave amplitude be-

tween them. The spectrometer allows accurate meas-

urement of line frequency, intensity, pressure broad-

ening and shifting parameters. For precise measure-

ment of line positions with subkHz uncertainty, meth-

od of nonlinear coherent spectroscopy (Lamb-dip 

method) was implemented in the spectrometer. A typ-

ical line recording obtained using video spectrometer 

is presented in Fig. 1. 

 

Fig. 1. Lamb-dip observed in OCS rotational transition J=9-

8. Frequency detuning is shown from 109463.063 MHz. 

Collisional line width (HWHM) obtained from the fit to the 

Lorentz shape is 6.56(3) kHz. Doppler width is 81 kHz. 

The second instrument of the spectroscopic com-

plex is a spectrometer with radio-acoustic detector of 

absorption signal [3]. The output signal of the RAD 

spectrometer is proportional to the radiation power 

absorbed by the gas. It brings us to two main ad-

vantages of the RAD method: i) almost zero baseline 

(comparing to a video spectrometer); ii) the spectrom-

eter sensitivity is increased as radiation power in-

creases. The operating pressure range of the spec-

trometer is in interval from 10 mTorr to 10 Torr. The 

spectrometer is the best suited for the line shape anal-

ysis and measuring pressure broadening and shifting 

parameters of the lines and their speed-dependence in 

a wide temperature range. One more advantage of the 

RAD spectrometer is high enough sensitivity at rather 

compact size of the gas cell (10 cm long and 2 cm in 

diameter). It allows easy shielding of the gas cell from 

the ambient magnetic fields that is important for stud-

ying the paramagnetic lines, e.g., for the lines of oxy-

gen spectra. Typical recordings of oxygen lines ob-

tained using RAD spectrometer are shown in Fig. 2. 

At the present level of sensitivity of THz spec-

trometers most of spectroscopic studies are aimed at 

refinement of the spectroscopic information. Expand-

ing the range of the studied objects requires signifi-

cant improvement of the sensitivity. In THz range 

radio-acoustic detection is seemed to be the only 

method allowing reaching high sensitivity at reasona-

ble recording time by increasing radiation power. It 

was demonstrated in our earlier study [4] that the use 
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of the high power coherent THz radiation of the gyro-

tron allows increase of the RAD spectrometer sensi-

tivity by at least three orders of magnitude. This 

opens up possibility of investigating, for example, the 

forbidden spectra of molecules. 

 

Fig. 2. Lines of the oxygen molecule obtained using RAD 

spectrometer (from left to right): a) fine-structure line 11+; 

b) rotational line (N,J)=(3,2)-(1,2); c) rotational line 

(N,J)=(7,6)-(5,6). The result of the line fitting to Voigt pro-

file is shown by solid line. The residue of the fit is shown in 

the lower part of the figure. 

In third, the resonator spectrometer [5,6] operat-

ing in a pressure range from 10 Torr up to a few at-

mospheres gas absorption is measured sequentially at 

each eigen-frequency as a change of the Q-factor of 

the Fabry-Perot resonator filled with the studied and 

non-absorbed gases, respectively. The PLL system 

provides fast phase-continuous frequency scan, re-

sulted in significant progress in the spectrometer sen-

sitivity (which now reaches 4·10-9 cm-1 in terms of the 

absorption coefficient). A part of the atmospheric 

absorption spectra observed using resonator spec-

trometer is presented in Fig. 3. It is worth noting, that 

the line intensity measurements performed using the 

resonator spectrometer are supposed to be the most 

accurate comparing to other methods. 

 
Fig. 3. Broadband experimental recording of atmospheric 

air spectrum obtained using resonator spectrometer. 

Use of the complex of THz spectrometers allows 

determination of possible systematic errors. This is 

confirmed by a series of complementary experiments 

in which parameters of spectral lines measured by one 

spectrometer were revised by a spectrometer of an-

other type. Coincidence of the values of the parame-

ters measured by different spectrometers means high 

accuracy and reliability of the data obtained. As an 

example, results of the pressure broadening study for 

118-GHz oxygen line [7] (RAD and resonator) and 

22-GHz water line [8] (RAD and video) are presented 

in Fig. 4. 

 

Fig. 4. Pressure dependence of the width of the (A) 22-GHz 

water line measured using video and RAD spectrometers 

and (B) 118-GHz oxygen line measured using RAD and 

resonator spectrometers. 

Improvement of the RAD spectrometer sensitivity is sup-

ported by RSF (project 17-19-01602). Studies of molecular 

spectra using complex of spectrometers are supported in 

parts by RFBR projects 18-05-00698 (atmospheric pressure 

recordings) and 18-02-00705 (line shape analysis). 
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The studies of different physical processes in 
presence of strong magnetic fields are one of the ever-
lasting problems in experimental physics. Develop-
ment of techniques and investigation of complex dy-
namics leads to the implementation of magnetic sys-
tems with fields more than 20 T. The laser-plasma 
experiments [1] and time-domain spectroscopy [2] are 
one of the outstanding applications for strong magnet-
ic fields. Conventional magnetic systems based on 
large superconducting magnets are not convenient for 
ultrafast spectroscopy due to remote access to the 
magnet coil and unavoidable dispersive elements. The 
solution is to use the small-scale pulsed systems, 
which provide easy alignment and strong field at the 
same time. 

Magnets for time-domain spectroscopy 

Terahertz time-domain spectroscopy (THz-TDS) 
is ideally suited for the study of coherent low-energy 
dynamics in condensed matter, determining the com-
plex conductivity of material. The terahertz frequency 
range is rich in collective and elementary excitations 
in solids, many of which have magnetic origins such 
as cyclotron resonance, electron spin resonance, and 
magnon excitations. An external magnetic field pro-
vides a powerful tool for tuning these magnetic THz 
excitations through Landau and Zeeman quantization 
of electrons' orbital and spin energies. Probing these 
excitations through THz-TDS in high magnetic fields 
can provide valuable insight into the dynamics of in-
teracting electrons. Therefore, there is a need for de-
veloping a source of strong magnetic field, suitable 
for TDS. 

The IAP RAS has great experience in develop-
ment and production of pulsed magnetic systems, 
which were mainly used for high-frequency gyrotrons 
[3]. The record magnetic field of 50 T in a bore of 
9 mm (Fig. 1) was produced for the gyrotron with 1.3 
THz frequency [4] along with a number of 30 T mag-
nets with 2 cm bore. The developed technology is 
based on copper magnets encased in fiberglass body 
with liquid nitrogen as a coolant. The cooling to cryo-
genic temperatures reduces the resistance of copper, 
lowers the heating of the coil during the pulse and 
provides better pulse-to-pulse stability. Resulting coil 
operated with 1 Hz repetition rate and successfully 
produced more than 3000 pulses with field > 30 T and 
more than 100 pulses with field > 45 T without any 
degradation. The magnets of this type surely can find 
their application in experiments with time-domain 
spectroscopy in strong magnetic fields. 

 

 

Fig. 1. The 50 T Pulsed magnet 

Magnets for laser-plasma experiments 

The studies on the formation of different plasma 
structures in strong magnetic field are of great interest 
for astrophysics and inertial fusion. Different astro-
physical objects could be modeled in such down-
scaled laboratory experiments. Such astrophysical 
objects characterizes by the perturbation of the mag-
netic field structure and development of different 
magneto-hydrodynamic instabilities, which could not 
be studied analytically and should be studied through 
laboratory modeling [5].  

The specially designed magnetic coil provides the 
needed conditions for investigation of plasma dynam-
ics in magnetic field. The principal scheme of the 
setup and coil photo are presented in Fig. 2. To satisfy 
the requirements for the plasma formation and diag-
nostics the coil must have three mutually perpendicu-
lar apertures of free space inside the coil, that provide 
the possibility of positioning the target, irradiating the 
target with powerful nanosecond laser beam and ob-
serving the dynamics of plasma expansion perpendi-
cular to the main axis of the direction of propagation 
of the plasma stream. 

 

Fig. 2a. General view of the experimental setup. 
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Fig. 2b. The pulsed magnet photo. 

In order to satisfy the requirements, the 
Helmholtz magnetic coil was developed and 
manufactured by the IAP RAS. The coil current is 
controlled by a capacitor discharge unit with 
maximum current up to 8 kA, ensuring the maximum 
magnetic field of 15 T. The discharge of the coil 
occurred over times of the order of several 
milliseconds. The field was considered stationary at 
time scales of the order of several microseconds, 
much larger than the times of the investigated plasma 
dynamics of the order of 100 ns. The magnetic field 
was practically uniform in the axial and radial 
directions at scales of the order of 20 mm, which 
exceeded the characteristic scales of the investigating 
plasma (~ 10 mm). The repetition of the magnetic 
field amplitude and profile was ensured by cryogenic 
cooling of the system with liquid nitrogen. Typically, 
the coil can operate with repetition rate of 1 shot per 
10 minutes. The construction of the magnet allowed 
switching of the direction of both coils, providing the 
co- and counter-directional setup of the magnetic field 
and opening up the possibility of investigation of 
plasma dynamics in different conditions. The 
measured profiles of magnetic field for both 
configurations are presented on Fig. 3. The magnet 

was already used in successful experiment, carried out 
on PEARL facility [6]. 

 

 
Fig. 3. Magnetic field profiles for co and counter-directional 
setup of coils.  

Conclusion 

The developed pulse magnets with fields up to 50 
T and complex magnetic field structure open up the 
possibilities for investigation of properties of mate-
rials and laboratory modeling of astrophysical phe-
nomena. 

The work supported in part by the Russian Scien-
tific Foundation under the project 14-12-00887. 
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The understanding of carrier dynamics in semi-

conductors is of prime importance for applications but 

also interesting from a fundamental point of view. As 

a basic example the speed of semiconductor-based 

photodetectors is determined by the capture time of 

free charge carriers. When a semiconductor like Si or 

Ge is doped with shallow impurities (As, Ga, Sb) the 

excess electrons or holes behave almost as in a hydro-

gen atom. However, Bohr radii and energy levels are 

scaled according to the effective masses and dielectric 

constants of their host lattice. The perturbation from 

there ground state and their relaxation back to equilib-

rium can be directly investigated by the "pump-probe" 

method. 

To selectively excite excitation lines a mono-

chromatic radiation source is needed. For impurities 

in Ge and Si these lines are in the terahertz frequency 

range. Temporal information is obtained using short 

pulses and the time resolution is determined by the 

pulse duration. The Novosibirsk free-electron laser 

(NovoFEL) facility is ideally suited for this purpose. 

NovoFEL generates monochromatic radiation with a 

tunable wavelength in the range of 6-240 μm. The 

radiation is emitted in a train of 40 - 100 picosecond 

pulses with a repetition rate of 5.6 MHz. The spectral 

width is typically 1%. 

The idea of the pump-probe method follows a 

basic principle: a pump beam with a wavelength equal 

to a certain energy transition excites a sample. During 

the passage of the pump pulses, the sample becomes 

partially transparent as carriers are lifted into an excit-

ed state. The relaxation back to the ground state oc-

curs on a characteristic timescale, the lifetime. A se-

cond beam, the probe beam, measures the recovery of 

the transmittance in time as its optical path is changed 

with respect to the pump pulse.  

We use a wire grid polarizer to divide the initial 

beam into a pump beam and a probing beam. The 

optical path difference between both pulses can be 

varied by an optical delay line up to 5 ns. Both beams 

are then focused onto the sample by off-axis parabolic 

mirrors (Fig. 1). A sample, e.g. germanium doped 

with arsenic (Ge:As), is placed in a liquid-He flow 

cryostat. The temperature of the sample can be varied 

from 4-200 K. As a detector, we use two Golay cells 

for the probe and the pump beam. The probe signal is 

a function of the delay between the two beams and 

called the pump-probe signal. 

The second golay cell in the pump beam acts as a 

reference signal. To increase the signal-to-noise ratio, 

the continuous train of the NovoFEL radiation allows 

us to use a synchronous detection circuit (Lock-in), 

typically with a frequency of 15 Hz. This frequency is 

given by the maximum sensitivity of the Golay cells. 

 

 
Fig. 1. Optical scheme of the "pump-probe" system at the 

NovoFEL. 

A typical pump probe signal for a Ge:As sample 

is shown in figure 2. Here, the FEL radiation was 

tuned to the 1s → 2p0 transition. The decay of the 

signal can be fitted by a single exponential function. 

The exponential time constant τ corresponds to the 

relaxation time of the energy transition and was found 

to be τ = 1035 ± 12 ps. The temperature was kept con-

stant at T = 5 K, the average pump radiation power 

was 90 mW, the probe radiation power was 2.5 mW, 

and the wavelength was λ = 131.2 μm. 

 

 
Fig. 2. Pump probe signal for a Ge:As sample at the wave-

length was λ = 131.2 μm.  
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A great interest to topological matter is stimulated 

by the study of the THz response to laser radiation. 

Angle-resolved photoemission spectroscopy (ARPES) 

indicates the presence of Dirac electrons in many top-

ological insulators (TI) [1] Besides of fundamental 

aspects, TI’s are very perspective objects for practical 

purposes both THz detectors as THz emission 

sources. 

In this work, we perform a study of the THz 

emission properties of Bi2-xSbxTe3-ySey thick films 

with thickness of hundreds nm and one island film 

with total thickness about 40 nm grown by MOCVD 

method on sapphire substrate. Rhombohedral Bi2-

xSbxTe3-ySey films were grown on (0001) Al2O3 sub-

strates with thin (10 nm) ZnTe buffer layer with ori-

entation (111) at atmospheric pressure of hydrogen in 

horizontal quartz reactor. An example of AFM scan of 

thin island film surface is shown in Fig. 1. 

 

 
 

Fig. 1. AFM scan of the TI island film’s surface  

We use experimental setup for the terahertz emis-

sion time-domain spectroscopy (TDS) in the back-

ward geometry. The pump is realized by the Erbium 

fiber laser in the Q-switched mode locking near a 

threshold regime at 1.56 μmm wavelength. Er+-laser 

laser operated in the picosecond mode, generating 

optical pulses of 2.5 ps duration with the repetition 

rate of 70 MHz. The pump bam was divided into two 

unequal parts with a mean power of 100 and 20 mW, 

respectively. The low-power beam was focused on a 

photoconductive dipole antenna. The high-power 

beam, after propagation through the delay line and an 

optical chopper, was focused by the through a hole in 

the parabolic mirror onto the TI sample. The angle of 

incidence was 15°. The sample was in contact with 

copper electrodes (the distance between them was 0.5 

mm) so that external voltage could be applied. The 

THz radiation generated in the sample in the back-

ward direction was collected by four parabolic mirrors 

and focused on the commercial THz antenna. The 

antenna was oriented to register vertical components 

of the THz field collinear with the polarization of the 

pump. Thus, the electric field of THz waves generated 

in the direction opposite to pumping was measured at 

different times after the arrival of the pump pulse. 

We have shown that the intensity of the THz sig-

nal from the island film is 25 times greater than that in 

“thick” TI samples. In order to demonstrate the ampli-

fication effect for THz radiation using an external 

electric field, we applied a voltage between the elec-

trodes in contact with a surface of the island film. 

Fig.2 shows the waveforms of THz radiation from an 

island film with a bias voltage. When the polarity of 

the bias voltage changed, the THz signal also changed 

its phase by 180 degrees. Thus, for the first time, the 

mode of the radiating antenna in a topological insula-

tor was demonstrated. 

Fig. 2. Waveforms of the THz pulses 

The observed waveforms contain some additional 

signal, which does not change its polarity with the 

voltage. To reveal this part we have summarized the 

signals, observed with +30 V and -30V voltages.  Half 

of this sum is shown in Fig.2b (see the dotted line). 

The opposite-sign parts of the signals from Fig.2a 

almost canceled each other, so that one could expect 
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to observe the residual constant part of the same shape 

as the zero-voltage signal. However, this is not true.  

For comparison, we repeat the zero-voltage signal 

together with this residual signal.  One can see that 

the antenna pulses contain additional parts corre-

sponding to higher modulation frequencies. This fact 

is illustrated in Fig.3 where the spectra of the both 

waveforms are shown.  

 

 
Fig. 3 Spectrum of zero-voltage signal (hollow squares) and 

spectrum of half-sum of signals at external bias (filled 

squares). 

The spectrum of the residual part of the antenna 

signal is about two-times broader than the spectra of 

all the other signals, i.e. the  zero-voltage signal, and 

the polarity-sensitive parts of +30 V and -30V voltag-

es signals. The peak frequency corresponds to times 

that are of order or even less than the pump pulse du-

ration. It means that some carrier relaxation effects 

proceed at considerably shorter relaxation times, than 

it is usually assumed to describe the THz emission of 

free TI samples.  We believe that this effect arises 

from the relaxation of fast non-equilibrium charge 

carriers accelerated by an external field. Probably 

electrons are captured by the traps that are p-type im-

purities with energy above the bulk valence band 

maximum in the energy of 3-6 meV or other defects. 

The authors are grateful to Dr. T.V. Murzina, for 

discussions and help. The study of THz emission was 

performed under the support of the RFBR grant № 

16-02-258a. The growth and characterization of the 

Bi2-xSbxTe3-eSey samples was supported by grant 17-

19-01057 of the Russian Science Foundation. 
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Introduction 

Demonstrations of specific class of materials with 

extremely small (near zero) values of permittivity have 

attracted attention of scientific community1. These unique 

materials have the refractive index equal to zero what 

causes almost constant spatial distribution of the electric 

field of the propagating wave inside these media2. 

Considering its extreme properties, ENZ-material can 

also be used as delay line that brings no phase delay in 

propagating wave3, as ideal coupler between waveguides of 

the same diameter and can find effective application in 

cloaking4. It should be mentioned that ENZ-, MNZ- (“mu 

near zero”) and LH- (‘left-handed”) materials can be 

designed using transformation optics approximation5–7. 

ENZ or MNZ coating may be used to radically enhance 

transmission through subwavelength aperture in planar 

ideally opaque screen which allow to overcome the 

diffraction limit. In general, isolated subwavelength 

aperture can’t provide enough transfer of energy, but with 

ENZ coating the transfer increases by several orders of 

magnitude8. 

This work is dedicated to zero-index (ZI) terahertz 

metamaterial designed with one-layer aligned planar 

aluminum wires on dielectric PET substrate and acting like 

epsilon-near-zero (ENZ) medium. 

Metal stripes on dielectric substrate can be easily 

manufactured. The idea is that metal stripes may have 

permittivity described by Drude model in terahertz 

frequency range, what gives the opportunity to design ENZ-

material. 

Numerical simulation of the structure 

To prove that such structure can act like ENZ-material, 

number of numerical simulations was done with the 

periodic boundary conditions. Simulations were done also 

in two steps: the first is for the unit cell and the second is for 

the one-layered structure. 

Fig. 1. The investigated structure: dielectric PET (Polyethylene 

terephthalate) substrate and parallel aluminum stripes. 

 

(a) 

  (b) 
Fig. 1. Results of numerical simulations of the striped 

metamaterial ( a  is the lattice constant, l  is the width of the 

stripe). ‘Electric’ plasma frequency for l = 20 μm is 0,641 THz 

and for l = 30 μm is 0,562 THz. 

 

Experimental verification 

The material was made by laser ablation method using 

LaserGraver LG2500 SP47. Two samples were used for the 

experiment: ones with l = 20 μm a = 40 μm and l = 30 μm 

a = 60 μm. Examined samples were measured using time-

domain terahertz spectroscopy in 0,1-1 THz frequency 

range in transmission mode. 
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Figure. 1. Experimental THz TDS setup9 in transmission mode 

(FL-1 – femtosecond laser based on potassium-yttrium tungstate 

crystal activated with ytterbium (Yb: KYW), generating 

femtosecond pulses; F1,2 – teflon filters for IR wavelength range 

cutting off, BS – beamsplitter, DL – optical delay line, M1,2,3 – 

mirrors, Sam – investigated sample, Wol. – Wollaston prism, 

CdTe – electro-optical cadmium-telluric crystal, BD – balanced 

detector, LA – lock-in amplifier, PC – personal computer, GTP – 

Glan-Taylor prism, PM1,2 – parabolic mirrors, Ch – chopper, 

DAC – digital to analog converter, ADC – analog to digital 

converter) 

 

The experiment showed that samples have the 

dispersion of refractive index according to Drude model 

(Figure 8). In a little area near plasma frequencies samples 

behave as ENZ-material. It should be mentioned that below 

plasma frequencies medium shows left-handed properties in 

materials previously designed10,11. 

(a) 

(b) 

Figure 2. Experimental (blue) and calculated (cyan) effective 

permittivity and permeability of two striped metamaterial samples. 

(a) is the data on s ample with l = 20 μm a = 40 μm and (b) is the 

data on sample with l = 30 μm a = 60 μm. Plasma frequencies are 

approximately 0,556 THz for (a) and 0,648 THz for (b). 

Conclusion 

This paper showed the possibility of designing ZI-

materials for terahertz frequency range using one-layered 

copper wire or aluminum stripe lattices. Copper-wired 

medium can be manufactured using electrochemical etching 

or electron-beam lithography. Aluminum-striped material 

was made from metallized PET substrate using laser 

ablation. ENZ properties of metal-striped materials were 

showed using numerical simulation and verified 

experimentally. Two striped-material samples were about to 

have effective plasma frequency in terahertz frequency 

range and showed left-handed properties below the plasma 

frequency. 
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Introduction 

Nowadays thin-film coatings and structures are 

widely used in advanced industrial and scientific ap-

plications that makes the tasks of thin-film sensing 

highly demanded in practice. Last decade, stimulated 

by progress in terahertz (THz) instrumentation, a keen 

interest has been attracted to the THz spectral range to 

develop its potential for detecting and measuring 

properties of thin films. The THz radiation can be an 

alternative to visible and IR waves when examining 

optically opaque coatings. Meanwhile, due to a rela-

tively large wavelength , the conventional spectro-

scopic methods (TDS-, FDS-, FTIR-, BWO-based) 

are ill-suited for direct characterization of films with 

the thickness d of about 2−4 orders of magnitude 

smaller than . This problem can be solved with met-

amaterials, in particular, with plasmonic metasurfaces 

(PMSs) [1–5]. The plasmonic resonance exhibits a 

high sensitivity of its spectral response to the dielec-

tric environment due to a strong field localization 

what makes possible measuring of analyte layers sat-

isfying d <<  condition.  

The traditional approach of THz thin-film sensing 

with PMSs is based on detecting a frequency shift of 

the resonance when the analyte is deposited onto the 

PMS. In this work, we present the idea to substitute 

THz spectral measurements for tracking the PMS re-

sponse at a fixed wavelength upon changing the inci-

dence angle  of the exciting THz beam. This concept 

works well for the PMS with a narrowband resonance 

sensitive to .  

The results of the numerical investigations and 

experimental study of such PMS designed as a single-

layer array of hexagon-shaped annular slots (Fig. 1) 

with angle-susceptible resonant transmission near 

0.85 THz are presented.  

Metasurface design 

Originally, the proposed PMS was intended for 

band-pass filtering applications in experiments on 

studying sub-THz emission from hot dense plasma 

during relativistic electron beam-plasma interaction 

[6, 7]. The listed PMS dimensions provide a resonant 

pass band centered at 0.5 THz with the relative band-

width of 63%. Later, when inspecting the angular 

performance of the PMS of this kind, a higher-

frequency “spurious” narrow-band resonance suscep-

tible to the angle of incidence was revealed in the 

vicinity of 0.8–0.9 THz. A detailed study of this reso-

nance for the purpose of its applicability to thin-film 

sensing became the essence of the current work. 

To pattern the PMS, we employed a contact pho-

tolithography technique [8, 9] which was specifically 

adapted to flexible solid film substrates, such as PP, 

whose industrial production does not allow obtaining 

a liquid material suitable for posterior film deposition 

via spin coating. 

 

 
Fig. 1. Reflection-mode microphotograph of the fabricated 

plasmonic metasurface. The metallic area is light-colored. 

The slots are patterned in a 0.35 m thick aluminum layer 

deposited on a 15 m thick polypropylene film. D = 220 

m, B = 20 m, A = 20 m. The coordinate system xyz is 

introduced to show the structure orientation relative to the 

incident wave vector k = (ksincos, ksinsin, kcos). 

Experimental setup 

The transmission spectra of the designed metasur-

face were measured on a custom-made THz time-

domain spectrometer (TDS) described in Refs. [10, 

11]. The PMS prototype under study was mounted on 

a manually controlled rotary stage capable of tilting 

the prototype both in TE and TM planes. The meas-

urements were carried out by varying the incidence 

angle  of the probing THz beam within 0°–55° with 

5° incremental step. The THz-TDS signals were ac-

quired with the time resolution of 125 fs in the range 

of 100 ps. This corresponds to the resolution of 

~10 GHz in the frequency spectrum. The transmission 

was calculated as the ratio of the Fourier-transform 

spectra for the time-domain signals registered with 

and without the PMS prototype. The resulting exper-

imental spectra were averaged over four independent 

measurements. 

Results 

Fig. 2 illustrates the typical spectral behavior of 

the angle-susceptible PMS resonance for different 

thicknesses d of the analyte overlayer plotted at a 

fixed angle of incidence . A photoresistive material 

was used as the analyte, whose dielectric permittivity 

ε = 2.7–j∙0.25 was retrieved from direct transmission 

measurements of a 100 μm thick liquid cell. 
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To elucidate the idea of replacing THz spectral 

measurements by tracking the PMS response at a 

fixed  upon changing the incidence angle , the PMS 

transmittance as a function of  is plotted in Fig. 3. 

The latter corresponds to the frequency of 830 GHz 

chosen as an example.  

 

Fig. 2. Transmission spectra for the PMS covered with the 

analyte of different thicknesses d simulated at θ=25º. 

 

Fig. 3. PMS transmission at 830 GHz as the function of the 

incident angle θ modelled for different thicknesses d of the 

analyte overlayer. The numbers indicate the values of d in 

micrometers. 

The presented data remarkably demonstrate the 

expected effect of shifting the angular peak due to 

thickening the analyte. Note, the resonance peak am-

plitude decreases and its bandwidth increases when 

the analyte thickness d changes from 0.5 to 4.5 μm. 

This means that the method sensitivity degrades for 

the thicknesses larger than 4.5 μm. Nevertheless, the 

peak remains almost stable in amplitude for the thick-

nesses d < 1 μm and the angles of both maximum and 

minimum transmission can be used to evaluate the 

analyte thickness. Thus, the proposed approach is 

estimated to be promising for THz sensing of sub-μm-

thick analyte layers, thereby capable of detecting the 

level of d / ~10-3 at least. 

Acknowledgements 

The work is partially supported by the Russian 

Foundation for Basic Research (Project #17-32-

80039). 

The authors gratefully acknowledge the Shared 

Equipment Center “Spectroscopy and Optics” of the 

Institute of Automation and Electrometry, SB RAS 

for the provided instrumental support of THz meas-

urements. 

References 

1. M. Tonouchi Cutting-edge terahertz technology // 

Nature photonics. 2007. V. 1, No. 2. P. 97-105. 

2. M. Perenzoni and D. J. Paul, Eds. Physics and ap-

plications of Terahertz radiation, Dordrecht, Netherlands: 

Springer, 2014. 

3. D. M. Mittleman Perspective: Terahertz science and 

technology // J. Appl. Phys. 2017. V. 122, No. 23, P. 

230901. 

4. F. F. Sizov Infrared and terahertz in biomedicine // 

Semiconductor Physics, Quantum Electronics & Optoelec-

tronics. 2017. V. 20, No. 3. P. 273-283. 

5. H. J. Song and T. Nagatsuma, Eds. Handbook of te-

rahertz technologies: devices and applications, Boca Raton, 

U.S.: CRC press, 2015. 

6. A. V. Arzhannikov, A. V. Burdakov, V. S. Burmasov, 

et al. Observation of spectral composition and polarization 

of sub-terahertz emission from dense plasma during relativ-

istic electron beam-plasma interaction // Phys. Plasmas. 

2014. V. 21, No. 8. P. 082106. 

7. A. V. Burdakov, A. V. Arzhannikov, V. S. Burmasov 

et al. Microwave generation during 100 keV electron beam 

relaxation in GOL-3 // Fus. Sci. Technol. 2013. V. 63, No. 

1T. P. 286-288. 

8. M. Navarro-Cía, S. A. Kuznetsov, M. Aznabet et al. 

Route for bulk millimeter wave and terahertz metamaterial 

design // IEEE J. Quantum Electron. 2011. V. 47, No. 3. P. 

375-385. 

9. S. A. Kuznetsov, A. V. Arzhannikov, V. V. Kubarev et 

al. Development and characterization of quasi-optical mesh 

filters and metastructures for subterahertz and terahertz 

applications // Key Eng. Mat. 2010. V. 437, P. 276-280. 

10. Mamrashev A. A., Maximov L. V., Nikolaev N. A., 

Chapovsky P. L. Detection of nuclear spin isomers of water 

molecules by terahertz time-domain spectroscopy // IEEE 

transactions on terahertz science and technology. 2018. V. 

8, No. 1. P. 13–18. 

11. Antsygin V.D., Mamrashev A.A., Nikolaev N.A., Po-

taturkin O.I., Bekker T.B., Solntsev V.P. Optical properties 

of borate crystals in terahertz region // Optics Communica-

tions. 2013. V. 309. P. 333–337. 

 

..
35



Far IR continuum absorption of H2
16O and H2

18O 

T.A. Odintsova1, M.Yu Tretyakov1, A.O. Zibarova1,2, O. Pirali3, P. Roy3 and A. Campargue4 

1Institute of Applied Physics, Russian Academy of Sciences, Nizhniy Novgorod, Russia, odintsova@ipfran.ru 
2Lobachevsky State University of Nizhny Novgorod, Nizhny Novgorod, Russia 

3SOLEIL Synchrotron, L’Orme des Merisiers, Saint-Aubin 91192, Gif-Sur-Yvette, France 
4Univ. Grenoble Alpes, CNRS, LIPhy, 38000 Grenoble, France 

 

Water vapor is the main greenhouses gas and it is 

responsible for about 70% of solar radiation absorp-

tion by the Earth atmosphere. Water vapor absorption 

consists of resonance absorption (sum of water lines) 

and continuum absorption (smoothly varying with 

frequency). Even though continuum is several orders 

of magnitude weaker than absorption at the center of 

absorption lines, its integrated contribution to total 

atmospheric absorption is significant and exceeds 

contribution of other greenhouse gases, such as CO2 

and CH4. Thus, appropriate calculation of radiation 

balance, modeling of global climate changes and at-

mosphere remote sensing require accounting of the 

water vapor continuum. 

Nowadays the semi-empirical MTCKD model [1] 

is the standard model implemented in radiative trans-

fer codes to describe the water absorption continuum. 

This model is a far wing model constrained on exper-

imental data obtained in the IR frequency range main-

ly at room or elevated temperatures. Extrapolation of 

this model to other frequency ranges (including te-

rahertz region) and atmospheric temperatures are haz-

ardous and might deviate from new experimental data 

[2]. 

Appropriate description of water vapor continu-

um absorption requires development of physically 

based model. In spite of long history of theoretical 

and experimental investigation of the continuum, it 

remains poorly characterized and understood. Its na-

ture is not fully settled yet. Nevertheless, it was estab-

lished, that the continuum originates from non-

ideality of water vapor and its magnitude is quadratic 

function of pressure (self continuum). There are sev-

eral possible sources of continuum: intermediate 

wings of resonance lines, bound and quasi-bound wa-

ter dimer absorption and collision induced absorption. 

Our investigation of the continuum absorption in 

the frequency range of water molecule rotational band 

is motivated by: (i) filling the spectral gap on the con-

tinuum data, and (ii) determination of water dimer and 

intermediate wings contributions to the continuum. 

The weakness of the continuum makes to use a 

spectrometer with a high sensitivity and a high stabil-

ity. In the current study the continuum was measured 

using high resolution Fourier transform spectrometer 

IFS-125HR equipped with multipass gas absorption 

cell with total pathlength of 151 m, that allowed to 

distinguish weak continuum absorption even at few 

mbar of water vapor pressure. The measurements 

were performed at the AILES beamline of SOLEIL 

synchrotron. The high power and high stability of the 

synchrotron radiation allows increasing sensitivity of 

the spectrometer up to 15 times in comparison with 

standard laboratory sources. To cover the frequency 

range of the rotational band, the coherent (15-35 cm-1) 

and standard (50-500 cm-1) radiation modes of the 

synchrotron were used. In order to refine the magni-

tude and clarify the physical origin of the continuum, 

spectra of the two major water isotopologues, H2
16O 

and H2
18O, were considered. Recordings at several 

water vapor pressures were used to check the ex-

pected quadratic pressure dependence of the continu-

um.  

The continuum was obtained by difference be-

tween experimental absorption EXP and modeled 

resonance absorption WML : 

WMLEXPC   . 

Resonance absorption was modeled as sum of all sig-

nificant lines of 7 most abundant water isotopologues: 
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where Ф(v) is Van Vleck - Weisskopf profile with 

commonly accepted wings cut off at 25 cm-1 and line 

shape parameters (including line strength Si, center 

frequency and collisional broadening coefficient) 

from HITRAN 2016 database [3]. 

The continuum cross-section was determined as 
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where T is temperature, kB - Boltzmann constant and 

P - water vapor pressure.  

Water vapor absorption spectra in the frequency 

range of 15-35 cm-1 were recorded at two pressures 

(11 and 16 mbar of natural water and 13 and 16 mbar 

of water sample enriched with О18). The coincidence 

of the continuum cross-sections corresponding to two 

pressures is a validation of the pressure squared de-

pendence. Fig.1. compares our results to literature 

measurements [4-10] in the range up to 60 cm-1 to-

gether with a calculated spectral function of (H2
16O)2 

dimer [11]. The experimental data show a good 

agreement with the frequency dependence of the func-

tion. The H2
18O continuum shows a similar spectrum 

in this range (Fig.2.). These facts confirm the domi-

nating contribution of water dimer absorption to the 

observed continuum. It should be mentioned, that the 

MTCKD model does not account satisfactorily of the 

observed frequency dependence in this region (see 

Fig. 1). 

In the 50-500 cm-1 range, H2
16O and H2

18O con-

tinuum spectra were recorded for a number of pres-

sures  between 2 and 6 mbar. The very good quadratic 

pressure dependence of the measured continuum was 

obtained. The continuum absorption corresponding to 

H2
16O and H2

18O molecules are similar in shape and 
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 2 

magnitude. Non-smooth frequency dependence of the 

H2
16O and H2

18O continua is observed between re-

trievals performed in nearby micro-windows (Fig.3). 

Inadequate modern line shape modeling in the range 

of intermediate wing (detuning of 5-10 cm-1 from line 

center) is believed to be responsible of the obtained 

fluctuations. We believe that investigation of isotopic 

dependence of the continuum could help to determine 

contribution of intermediate wings of resonance lines. 

 

The new data on H2
16O continuum are in a good 

agreement with results of our previous measurements 

in the range of 40-200 cm-1 [6] and with results ob-

tained by Burch in the range of 350-800 cm-1 [5]. 

New data filled the 200-350 cm-1 "gap" where the 

continuum was not measured before (Fig.3). The data 

confirmed that the widely used in atmospheric appli-

cations MT-CKD model [1] overestimates the contin-

uum amplitude by about 30% in the whole range of 

the rotational band of H2O (Fig.3). 

This work was partially supported by grant № 18-

02-00705 of Russian Foundation for Basic Research. 

 
Fig. 3. Comparison of our data on the continuum with re-

sults of previous experimental studies [4-6] and MTCKD 

model [1]. 
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Fig. 1. Calculated water dimer spectral function [11], 

water vapor (H2
16O) self-continuum cross-section nor-

malized by frequency squared: obtained data, results of 

previous measurements. 

 

 
Fig. 2. Water vapor (H2

16O and H2
18O) self-continuum 

cross-section normalized by frequency squared. 
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Introduction 

Oxide nonlinear crystals such as beta-barium bo-

rate (-BaB2O4 or -BBO), potassium titanyl phos-

phate (KTiOPO4 or KTP), potassium titanyl arsenate 

(KTiOAsO4 or KTA) are widely used for efficient 

harmonic, difference frequency and optical parametric 

generation/oscillation in the visible and near-infrared 

ranges [1]. The crystals have wide transparency range 

stretching from 0.19 μm for -BBO, 0.35 μm for KTP 

and KTA to near-IR or even mid-IR range. They also 

have moderate nonlinear coefficients and high optical 

damage threshold. 

Recently these crystals attracted attention as pro-

spective materials for terahertz applications. Several 

studies were devoted to measuring their optical prop-

erties (refractive index and absorption coefficient) in 

the terahertz domain [2–5]. Different schemes for IR-

to-THz and THz-to-THz conversion were investigated 

[6–9]. Besides nonlinear crystals another attractive 

materials such as metals and semi-metals were con-

sidered for efficient conversion of near-IR femtosec-

ond pulses to terahertz radiation on their surface [10]. 

In this study we measure terahertz optical proper-

ties and discuss possibilities of applying oxide nonlin-

ear crystals, metals and semi-metals for terahertz 

wave generation.  

Selected results 

Absorption coefficient and refractive index dis-

persions in the THz range for all axes of nonlinear 

oxide crystals were measured at the room (RT), liquid 

nitrogen (LN), and liquid helium (LH) temperatures 

within the range of 0.2-2.5 THz using custom-made 

terahertz time-domain spectrometer (THz-TDS) de-

scribed elsewhere [2]. 

Absorption coefficient and refractive index of -

BBO crystals for ordinary and extraordinary waves 

were measured at RT and LN temperatures of 293 K 

and 81 K, respectively. Sellmeier equations for both 

o- and e-waves were formulated. Dispersion equations 

for at RT valid in the range of 187–10000 µm: 
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Dispersion equations at LN temperature valid in the 

range of 182–3530 µm for o- and 144–2727 µm for e-

wave: 
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Using resulting dispersion curves we were able to 

find phase-matching (PM) for down-conversion or 

difference frequency generation of near-IR radiation 

into the THz range was found possible by o–oe, e–

eo and original e–ee  types (Fig. 1) of three-wave 

interactions. 

It was found that despite the significant decrease 

in the absorption coefficient at LN temperature, re-

fractive index components and birefringence did note 

change a lot keeping PM conditions favorable for 

efficient down-conversion into the THz range. 

 
Fig. 1. Phase-matching curves for type I (e–ee) three-

wave interactions in -BBO at RT.  angles are shown in 

the figure inset 

In a similar manner, terahertz optical properties of 

KTP crystals were measured at three temperatures. 

The refractive index for all three optical axes of KTP 

crystal was approximated in the form of Sellmeier 

equations. Here is a set of equations for LH tempera-

ture of 5.3 K where λ is in μm: 
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Using dispersion equations for the visible, infra-

red and terahertz ranges we obtained comprehensive 

results for phase-matched difference frequency gener-

ation in KTP crystals at different temperatures and 

different wavelengths presented in the Fig. 2. 

 
Fig. 2. Phase-matching curves for s – f  f type of differ-

ence frequency generation in the XZ principle plane of KTP 

crystal at RT (bold lines), LN (dash lines) and LH (dot 

lines) temperatures for different λ from 0.475 to 4.1 μm 

KTA refractive index measured at RT was ap-

proximated in the form of the following Sellmeier 

equations in the range from 132 µm (nx), 155 µm (ny), 

313 µm (nz) to 3200 µm: 
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Analogous phase-matching curves for DFG of 

Nd:YAG laser in KTA crystals is shown in the Fig. 3. 

 
Fig. 3. Phase-matching curves for s – f  f type of differ-

ence frequency generation in KTP crystal at RT for the 

wavelength of Nd:YAG lasers 

A common feature of all three abovementioned 

crystals was that cooling them down did not signifi-

cantly affect phase-matching conditions. At the same 

time their absorption coefficient lowered drastically 

making cooled crystals more effective for terahertz 

wave generation. 

The crystals were tested as narrowband THz radi-

ation sources for a homemade spectrometer described 

elsewhere [11] having a long (>1 km) measuring path 

which consists of a transceiver adopted from a lidar 

complex [12]. 

We also studied terahertz generation on the sur-

face of metals (Ti, Ni, Au, Cu) and their alloys 

(Ti50.5Ni49.5) pumped by femtosecond Ti:Sapphire la-

ser. The power of generated radiation was measured 

using Golay cell. Fig. 4 shows that the output signal is 

linearly depends on the pump pulse energy. We also 

found that the efficiency of optical-to-terahertz con-

version is proportional to the material conductivity. 

 
Fig. 4. Dependence of Golay cell signal proportional to the 

terahertz power generated on the surface of Ti50.5Ni49.5 alloy 

on the pump pulse energy 
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Second harmonic generation (SHG) of optical 

radiation from surface is one effective technique for 

surface diagnostics [1]. It is well known, that in bulk 

media with inversion center the second harmonic gen-

eration is prohibited in the dipole approximation. 

However, the surface breaks the symmetry and allows 

SHG. In this regard, the second harmonic (SH) signal 

is extremely sensitive to the state of the surface. The 

SHG technique allows to measure inhomogeneities of 

the surface, dynamics of fast processes, such as fast 

melting under the action of femtosecond laser pulses, 

contains information about the surface states of the 

material. An application of the external field on the 

surface can significantly change the second harmonic 

signal [2,3]. 

In this work, we investigated influence of intense 

THz field on SHG from the silicon surface (111). 

A Ti:Sp  femtosecond laser system at 795 nm 

with energy of 0.7 mJ, duration of 70 fs and repetition 

rate of 700 Hz was used in the experiment. Optical 

radiation was divided into two beams (see Fig.1). The 

pump beam was used to generate THz radiation by the 

tilted intensity front technique in a LiNbO3 crystal 

[4,5]. The terahertz radiation was  

Fig. 1. Experimental setup  (L1, L2, L3- lenses; PM1,  PM2, 

PM3 – parabolic mirrors; LN – LiNbO3; GP1, GP2 – Glan-

Taylor  prism; P1,P2 – THz polarizer) 

 

focused on the sample using a system of off-axis pa-

rabolas. The maximum THz field in focus reached a 

value of 300 kV/cm. For the attenuation of THz fields 

were used two THz polarizer. A probe laser pulse 

focused on the sample in the spot of about 100 μm 

(smaller than the size of the THz spot). The second 

harmonic radiation generated from the surface was 

detected by the PMT connected to the pulse counting 

system. The polarization properties of the SH was  

controlled by polarizer GP2. The special filters was 

used to block laser radiation. 

In the course of the experiment, the generation of 

second harmonic at different combinations of polari-

zation of optical and THz radiation was investigated. 

Under application of THz field, the SH signal was 

significantly increased when second harmonic and 

THz electric fields were parallel. In the case when 

THz, first and second harmonic electric fields have s 

polarization, the SH signal increased by 30 times. The 

dependences of the SH signal on the energy of optical 

and THz pulses, on the delay time between them, and 

the dependence on the azimuthal angle (rotation angle 

of the sample) were investigated. In Fig. 2 an example 

of angular dependence is presented, where all fields 

(THz field, field of the first and second harmonics) 

have p polarization. 

 
Fig. 2. Angular dependence of SH intensity: optics P-

polarization, THz field P-polarization, SH P-polarization 

 

To describe the experimental results, the pheno-

menological theory of second harmonic generation 

from (111) silicon surface was developed with ac-

count of presents of THz field. By comparison with 

experimental data, it was found that THz induced 

source of SH is in phase with the source of SH with-

out THz field.  
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For achieving optimal characteristics of gyrotron 
it is necessary to choose a suitable material for output 
window. Balance of relatively low dielectric losses, 
slowly dependent on temperature, and relatively high 
thermal conductivity are required for good heat re-
moval. Certainly, modern low loss CVD diamond 
windows meet these requirements, but their price is 
too expensive for wide application. 

In this paper we present an analysis of properties 
of several dielectric materials: boron nitride (BN), 
which is currently widely used for gyrotron output 
windows production, crystal Quartz, and Spinel. 

Basing on experimentally measured dielectric 
losses of these materials and on their thermal proper-
ties we made a calculation of maximal achievable 
output power that can be transmitted through disks 
made of such materials. 

Boron nitride 

Most of currently produced medium power 
(~10−100 kW) gyrotrons have output windows made 
of hexagonal pyrolytic BN. Its dielectric properties in 
sub-THz range were studied in our previous works 
[1,2]. Usual samples of BN have tanδ ≈ 10–3 at 
140 GHz which is higher in comparison with other 
investigated materials. But the loss tangent tempera-
ture dependence is rather weak: it increases by only 
about 40% with temperature increasing from 25 to 
700°C. 

Another important characteristic is thermal con-
ductivity of BN. Usual value used as estimate in prac-
tice is 45 W/m∙K for the direction parallel the layers. 
However, according to the available publications 
[3,4], thermal conductivity of BN can reach at least 
220 W/m∙K for samples with high crystal perfection. 

Spinel 

Spinel (MgAl2O4) is ceramic material with rela-
tively low dielectric loss which is resistant to high 
temperatures. In our work we studied spinel samples 
obtained by microwave heating of ultrafine powder 
components [5]. 

Measurements of dielectric parameters (n and 
tanδ) were made using high-Q resonator technique 
(see [1] and Refs. therein) in the frequency range   
50–300 GHz at temperatures 20–200°C. Unlike BN, 
spinel demonstrates rather strong temperature de-
pendence of dielectric loss. It is illustrated in Fig. 1. 
At temperature of about 400°C dielectric losses in
spinel become higher than that in BN.  

 
Fig. 1. Linear approximations of tanδ temperature depend-
encies at f = 170 GHz based on experimental data for spinel 
and hexagonal BN. 

Thermal properties of spinel were taken from [6]. 
In comparison with BN it has several times lower 
thermal conductivity (18 W/m∙K at room tempera-
ture).  

Quartz 

Crystal quartz produced by Quartz Technologies 
Ltd was grown by the method of hydrothermal syn-
thesis on the own raw material base of the deposit 
"Zhelannoe". The total concentration of impurities 
including alkali, gas-liquid and mineral elements does 
not exceed 2-3 ppm (chemical composition studies 
were carried out at the G.G. Devyatykh Institute of 
High-Purity Chemistry, ANZAPLAN analytical labo-
ratories and QSIL laboratories). It has extremely low 
absorption coefficient in the optical range (≤10–6cm–1 
at λ = 1μm). 

Investigation of quartz sample dielectric proper-
ties was made in frequency range 65–200 GHz at 
room temperature. Due to specific geometric sizes of 
the sample only no component and corresponding 
value of tanδ were measured. Fig. 2 demonstrates 
experimentally measured frequency dependence of 
dielectric losses in quartz along the main axis. The 
losses in this sample are practically the lowest ones in 
comparison with earlier measured samples [1]. 

Thermal conductivity in quartz was taken from 
paper [7]: 6 W/m∙K for [010] direction and 13 W/m∙K 
for [001] direction at room temperature. 
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Fig. 2 Experimentally measured frequency dependence of 
dielectric losses in quartz for the direction parallel to the 
main crystal axis. Line is the linear regression. 

Thermal calculation and discussion 

Using data on dielectric losses and thermal prop-
erties of the samples we made a calculation of tem-
perature distribution for a disks used as gyrotron out-
put windows in the continuous-wave operation (CW). 
The calculation was made in a similar way as in [8]. 
We used Newton's law of cooling as the boundary 
condition on the perimeter. The coolant temperature 
was 30°C, and the coefficient of heat removal from 
the window perimeter was 4 W/сm2∙K. Heat flows 
from the window-vacuum and window-air boundaries 
were neglected. 

The maximal output power for gyrotron windows 
made of BN and spinel was found as maximal beam 
power for which the temperature of the disk did not 
exceed 600°C. The thermal conductivity of BN was 
taken as 45 W/m∙K. For quartz window the calcula-
tion is more estimative because we do not have in-
formation about the temperature dependence of tanδ. 
Besides, it is unlikely that quartz disk will withstand a 
large temperature gradient arising when the tempera-
ture of the disk center rises to 600°C. Thus, in our 
estimation of maximal power we limited maximal 
temperature of quartz to 300°C. For more strict calcu-
lation additional factors should be taken into account. 

The window thickness was resonant, i.e., the op-
tical thickness was equal to an integer number of half-
wavelengths. The number of the half-wavelengths 
was chosen for the reason of the window strength. For 
disks with diameters of about 100 mm, the thick-
nesses ranged from 3 to 4 mm, and for disks with di-
ameters of 30 mm (for f ~ 30 GHz), the thicknesses 
was 2-2.5 mm. Fig. 3 shows the maximal power 
transmitted through the window.  

On the basis of Fig. 3 we can conclude that 
MgAl2O4 spinel is not optimal material for gyrotron 
output windows. Crystal quartz is a more suitable one, 
comparable to boron nitride in terms of maximum 
power level and even surpassing it at high frequen-
cies. However, some problems associated with the use 
of crystal quartz may occur due to difficulty of solder-
ing and possible mechanical stresses. Additional data
on temperature dependence of tanδ are required. 

Comparison of Fig. 3 (above) and Fig. 5 from [8] 
leads us to the conclusion that 6H-SiC disk can 

transmit several times more powerful beam than BN 
or quartz disks. But if we use BN with high crystal 
perfection and high thermal conductivity then such 
material can also provide several hundred kilowatts 
level for the CW mode in the sub-THz range. 

 

 
Fig. 3 Maximal output power for hexagonal BN (circles), 
spinel (triangles) and quartz (squares). Curves are smooth 
approximations. See text for details. 
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The development of THz technologies (commu-

nication, imaging, spectroscopy etc.) requires the de-

sign of materials for high-speed modulation of radia-

tion in THz range. For such applications, the thin 

films based on oxides showed a metal-insulator transi-

tion (MIT) are interesting due to large different of 

optical transmittance before and after critical point. 

Among the oxide materials with MIT vanadium diox-

ide, which has a transition temperature the closest to 

the room temperature (68
o
C for bulk samples), is of 

particular interest, with the MIT characterized by a 

record speed (<1 ps) and a large amplitude (a change 

in the conductivity is 10
5
 times for single crystals). It 

is known that the MIT transition in VO2 is accompa-

nied by a first-order phase transition, while the crys-

talline structure from the monoclinic (crystal type 

MoO2) with the properties of the semiconductor trans-

forms into a tetragonal (rutile type) with metallic con-

ductivity. The electronic transition in the vanadium 

dioxide can be caused by the temperature, the electric 

field and laser radiation. A set of these unique proper-

ties makes vanadium dioxide a promising key compo-

nent of optoelectronic devices (switches, modulators, 

lenses, etc.) for the THz range controlled by thermal 

action, electric voltage or laser pulse. 

Recently the efforts of numerous researches were 

directed to the vanadium dioxide in the form of thin 

epitaxial films of thickness (100-500 nm) on optically 

transparent single-crystal substrates (Al2O3, TiO2). 

The epitaxial VO2 films exhibit the sharp transition 

with an amplitude changes in conductivity up to four 

orders of magnitude and showed above 90% change 

of THz transmission.  

 
Fig. 1. The scheme of reaction between VO(hfa)2 molecule 

and water resulted to formation of VO2.    

The properties of vanadium dioxide are very sen-

sitive to the concentration of defects, morphology, 

contact between crystallites, impurities of other ele-

ments. The synthesis of epitaxial films of vanadium 

dioxide, extremely limited by a narrow region of ho-

mogeneity and a high sensitivity to the partial pres-

sure of oxygen, is a complex problem, which resulted 

in a low reproducibility of the composition and prop-

erties of films obtained in different scientific groups. 

The method of chemical vapor deposition is a 

promising method for the production (on an industrial 

scale) of vanadium dioxide films demonstrating the 

properties of an optical switch in the THz range, how-

ever, provided a simple and effective process for ob-

taining high-quality samples that are not contaminated 

with impurity phases. In the case of materials sensi-

tive to the oxygen partial pressure, the use of water 

vapor for destruction of the vanadium containing 

molecules makes possible to obtain stoichiometric 

VO2 due to stabilization of vanadium oxidation state 

+4 and to carry out the deposition process at low tem-

peratures (> 350°C) without carbon contamination of 

the film. In our work we performed the deposition of 

epitaxial (001)VO2 films on r-Al2O3 substrates (diam-

eter 1-3 inches) by gas-phase reaction between vapors 

of vanadyl diketonates VO(dik)2 (dik
-
 = acac

-
, thd

-
, 

hfa
-
) and water in argon atmosphere at temperature 

range 350-600
o
C.  

 
Fig. 2. The THz transmittance of VO2/r-Al2O3 (as deposited 

and after annealing) films at different temperature.  

Among the many factors that influences on the 

nature of the MIT in vanadium dioxide, the film mi-

crostructure plays one the most important role. Fine-

grained films that have a large number of partially 

oxidized grain boundaries show a diffuse hysteresis 
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loop and a smaller amplitude of the resistance change. 

The increase of the grain size can be achieved either 

by increasing the substrate temperature, or by using 

an additional heat treatment. In the first case, the for-

mation of a partially oxidized grain surface is not pre-

vented, whereas additional annealing successfully 

solves this problem due to the peritectic decomposi-

tion of the oxidized phases occurs to VO2 and trace 

amounts of the melting phases promoting recrystalli-

zation process. The samples obtained by MOCVD 

process were annealed under conditions of controlled 

oxygen partial pressure at temperature range 550-

650
o
C resulted in increasing of grain size, changing of 

morphology, electrical and optical properties. It was 

investigated the films composition, structure, mor-

phology and physical properties. 

Measurements of the THz transmission as a func-

tion of temperature were carried out on a pulsed THz 

spectrometer. It was demonstrated the effect of films 

synthesis on the contrast of transmission in the dielec-

tric and conducting state. The shape of the hysteresis 

loop differs from the resistance curve and is some-

what shifted downward in temperature associated 

with percolation of conductive grains into the insula-

tion matrix. For large-scale substrates the maps of 

THz amplitude change were analyzed.  

 
Fig. 3. The THz transmittance of 3-inch VO2 films on r-

Al2O3 at different position from the center (10 mm).  

Moreover most of practical applications require 

non-trivial shape and design of functional optical el-

ements, then it is important to have possibility to real-

ize the chemical lithography operations that accurate-

ly was demonstrated in this work.  

 

  
 

Fig. 4. The different patterns on 3-inch VO2 film/Al2O3 

obtained by photolitographic etching process.  
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The realization of a broadband antireflective coat-

ing in the THz range has been an urgent problem for 

many years. At present, only narrow-band antireflec-

tion coatings made on the basis of a single-layer coat-

ing are commercially available [1]. 

Here we want to present the results of the study of 

properties of a 3-level broadband antireflective 

(BBAR) structure on low-resistance silicon by THz 

time-domain spectroscopy (THz-TDS). BBAR struc-

ture was developed as a part of the manufacturing of a 

broadband THz radiation absorber, which can be used 

as a sensitive element of THz radiation detectors [2]. 

Since low-resistance silicon has a high absorption 

in the THz range, it was decided to use it as a sub-

strate for a THz. To increase the amount of absorp-

tion, it is necessary to reduce losses associated with 

Fresnel reflection. For this, it was decided to create an 

antireflection coating on one side of the silicon sub-

strate [3, 4].  

To provide broadband antireflection effect, on the 

one side of the substrate a 3-level structure has been 

realized by use of reactive ion etching (Bosch pro-

cess) [3, 5].  

Sample device was fabricated from p-type ρ=0.54 

Ohm∙cm silicon substrate with a diameter of 50 mm 

and thickness of 500 μm (Fig. 1). 

 

 
Fig. 1. Scanning electron microscope (SEM) images of the 

produced sample  

To characterize the antireflection properties of the 

produced sample, the transmission and reflection 

measurements were carried out on the Tera K8 te-

rahertz time-domain spectroscopy (THz-TDS) system 

(produced by Menlo Systems Gmbh). 

 
Fig. 2. Experimental setup 

Tera K8 spectrometer operates in 0.2-2.5 THz 

range. Spectral resolution – 5 GHz. The experimental 

setup is shown on Fig. 2. Both, bare silicon substrate 

and fabricated sample with 3-level antireflection 

structure were measured. Reflectance was measured 

under the normal angle of incidence. The value of 

Fresnel reflection decreased from 28-30% to less than 

3% in 0.5 – 2 THz range (Fig. 3). 

 
Fig. 3. Reflectance spectra of the fabricated sample 

It can be concluded that fabricated structure can 

be used for reducing of reflection losses at the air-

silicon interface of transmissive silicon optical ele-

ments in the broad range of the THz range frequen-

cies. Also, it could be optimized for the certain fre-

quency range.  
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Method of opto-acoustic (also called radio- or 
photo-acoustic) molecular spectroscopy is a powerful 

tool for both fundamental studies and applications. In 

this method the result of the interaction of the 

radiation with matter is detected by the change of the 

parameters of the matter and not of the radiation. It is 

likely the only method allowing reaching high sensi-

tivity at reasonable recording time by increasing radi-

ation power. This was particularly demonstrated in 

the teraherz (THz) region in our recent work [1] using 

spectrometer with radio-acoustic detection of absorp-

tion (RAD spectrometer) [2] and radiation of the free-

running 263-GHz gyrotron operating in continuous 
wave regime with up to 1 kW output power [3]. 

Further improvement of the spectrometer 

sensitivity and its use for spectroscopy requires 

precise control of the gyrotron radiation frequency. A 

phase-locked loop (PLL) against a signal of the 
reference oscillator was used in order to control the 

gyrotron modulating anode voltage [4]. The PLL sys-

tem, which block diagram is presented in Fig. 3, is 

similar to that used for backward wave oscillator 

(BWO) [5]. A specially designed fast voltage control 

unit can vary voltage within 0-1 kV with a speed of 

somewhat faster 1 kV/µs. Preliminary testing of the 

control system showed a modulation bandwidth of 

150 kHz, defined by the time constant of the gyrotron 

anode circuit.  

 

Fig. 1. Block diagram of the phase-locked loop units for a 
sub-THz gyrotron. 

The principle of its operation is following. Part of 

the output radiation of the 263-GHz gyrotron is 

transmitted to the harmonic mixer, where it is mixed 

with the a harmonic of the signal from a microwave 

synthesizer with a frequency of about 14 GHz. The 

resulting signal at an intermediate frequency of 

350 MHz is then directed to the phase detector for a 

frequency-phase comparison with the harmonic of a 
quartz clock serving as the reference oscillator. The 

error signal from the phase detector is then used as a 

control signal for the anode voltage control unit. In 

addition, the radiation spectrum was analized by 

Keysight spectrum analyzer N9010A equipped with 
an external mixer. Phase-locking the gyrotron fre-

quency reduced the radiation spectrum width from 

0.5 MHz for a free-running gyrotron down to about 

1 Hz for the stabilized gyrotron (Fig. 2) which corre-

sponds to relative frequency stability Δf/f ~ 3·10-12 for 

a measurement time of a few seconds. 

 

Fig. 2. Frequency spectrum of the gyrotron observed at 
263.2302 GHz with phase-locked loop. Bandwidth of the 
spectrum analyzer was 1 Hz. 

Our recent spectroscopic study using RAD meth-

od and a free running gyrotron facility [1] revealed 

the necessity for modulation of the gyrotron frequen-

cy aimed at reduction of the spectrometer baseline. It 
became possible by implementation of the PLL sys-

tem of the gyrotron. Typical recordings of SO2 line 

obtained using RAD spectrometer and gyrotron radia-

tion at approximately 1 W power are shown in Fig. 3. 

Modulation of either radiation power (Fig. 3A) or its 

frequency along with synchronous signal detection at 

the first (Fig. 3B) and second (Fig. 3C) harmonic of 

the modulation frequency were applied for spectra 

recording. The line asymmetry due to baseline is 

clearly observed from the experimental spectra in case 

of power modulation in Fig. 3A. The situation is even 
worse if a weaker line is studied. Use of the frequency 

modulation decreases influence of the baseline on the 

line shape which is seen in Figs. 3B and 3C. 

Experimental spectrum of a mixture of SO2 

(0.027 Torr) and Ar (0.26 Torr) was registered in the 

frequency range 263-264 GHz using RAD method 
and gyrotron radiation of about 0.5 W power 

(Fig. 4A). Calculated spectrum shown in Fig. 4B was 

modeled using Lorentz profile and line parameters 

from HITRAN and JPL catalogs. 
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Fig. 3. Experimental recordings of the 446,38 – 455,41 line of 
32S16O2 in a mixture with argon obtained using RAD spec-
trometer and gyrotron radiation (~ 1 W). (A)  - modulation 
of the radiation power; (B) and (C) - modulation of the radi-
ation frequency and signal detection at first (B) and second 
(C) harmonic of the modulation frequency (180 Hz). 

It follows from the comparison of these two spec-

tra that only some of the observed lines of the well-

studied spectrum of SO2 can be assigned to the tabu-

lated ones. Futher analysis of the experimental spectra 
revealed that unassigned lines are narrower than the 

assigned ones. This may indicate that these lines arise 

from an interaction of absorbing molecules with ra-

diation at second, third, etc. harmonics of the funda-

mental frequency. Calculated specta in the 526-528 

GHz and 789-791 GHz ranges are shown in Fig. 4B 

and 4C, respectively (note frequency scales 

normalized by the corresponding harmonic number). 

Comparison of the calculated spectra with the 

experimental one confirmes presence of radiation at 

second and third harmonics of the gyrotron 
fundamental frequency. Using known parameters of 

SO2 lines we estimated relative fraction of the 

radiation power coming to the gas cell at second 

harmonic as ~ 1% of the full power and ~ 0.1% for 

the third harmonic. Routine sensitivity of the spec-

trometer was determined from spectra analysis as 

~ 8·10-10 cm-1 (at 2-s time constant), which is limited 

by the power saturation effect of the molecular transi-

tion. 

Results were confirmed by the high resolution 

spectra obtained using a BWO-based video spectrom-

eter. 

 

Fig. 4. (A) Experimental spectrum of a mixture of SO2 and 
Ar obtained using RAD and gyrotron radiation of ~ 0.5 W 
power. Lines belonging to the 1st, 2nd and 3rd harmonics of 
radiation frequency are denoted by the corresponding num-
bers. (B,C and D) Calculated spectra of SO2. Frequency 
scales are normalized by the corresponding harmonic num-
ber. 
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Along with the liquid and solid phases of water, 

there are many natural and artificial systems and ob-

jects - biological, geological, meteorological, physical, 

chemical, etc., in which water molecules are found in 

nano-confined state. As in the case of any other mate-

rial, in such conditions water must acquire qualitatively 

new characteristics and properties that it did not pos-

sess in its macroscopic liquid state. Currently, there is 

a surge of active research on such properties, which is 

stimulated by the importance of obtaining new 

knowledge about the environment, the need to solve 

actual problems of medicine and public health, the cre-

ation of qualitatively new devices, mechanisms and 

technologies, materials with new characteristics that 

are promising for use in bio-sensors, diagnostics and in 

many other applications. It is known that the properties 

of liquid water remain less understood in comparison 

with other liquids, which is largely due to the ability of 

H2O molecules to form hydrogen bonds with each 

other. Under the conditions of a nano-confinement 

these properties will become even more exotic, diverse 

and complex, especially in complex systems such as 

biological. Therefore, the most effective would be to 

study first as simple system as possible. We have stud-

ied an array of single H2O molecules distributed over a 

periodical matrix of nano-sized cages inside the crystal 

lattice of dielectrics, see Fig.1. The advantages of such 

objects are the absence of short-range intermolecular 

hydrogen bonds (the distance between the pores is 5-

10 Angstroms), the complete certainty of the spatial ar-

rangement of the cages, and hence the H2O molecules, 

as well as the known type and magnitude of the inter-

action of molecules with the environment (weak van 

der Waals bonds) and between themselves (long-range 

electric dipole-dipole interaction). Importantly, these 

factors are essential from the point of view of simpli-

fying and hanging the accuracy of the model analysis 

(molecular dynamics, density functional methods, ...) 

of the properties of the subsystem of water molecules. 

Using broad-band spectroscopy (frequencies 

from ~1 Hz up to the visible, temperatures from 300 K 

down to 0.3 K) we have studied specific single-particle 

and collective excitations of water molecular ensemble 

hosted by dielectric crystalline matrices of hexagonal 

beryl Be3Al2Si6O18 and orthorhombic cordierite 

(Mg,Fe)2Al4Si5O18. Experiments on dehydrated crys-

tals allowed to identify spectral features connected ex-

clusively with the response of water molecular subsys-

tem. We observe well-known H2O intramolecular 

modes together with librational and rattling-like trans-

lational excitations of separate water molecules con-

fined within the nano-cages. Using density-functional 

and molecular dynamics approaches allowed us to 

identify the origin of the single-particle modes. In crys-

tals of beryl containing both, regular and heavy water 

molecules we discovered an incipient ferroelectric 

state within water molecular subsystem that manifests 

itself in the form of a Curie-Weiss temperature depend-

ence of quasi-static permittivity 

𝜀 ,(𝑇) = 𝜀∞ + 𝐶(𝑇 − 𝑇C)
−1, 

where εinf is the high-frequency dielectric constant, C 

and TC are the Curie constant and Curie temperature, 

respectively. Below ≈10 K the behavior ε'(T) saturates 

that can be described by the Barrett expression [1] 

Fig. 1. Schematic view of a crystal lattice of beryl with nano-

sized cages formed by ions of crystal lattice. The cages are 

arranged in channels that are elongated along crystallo-

graphic c-axis. Single water molecules are captured within 

the cages during crystal growth. The distance between H2O 

molecules along the channels is about 5 Angstroms and be-

tween H2O molecules in neighboring channels about 10 Ang-

stroms. Orange lines denote intermolecular electric dipole-

dipole interaction. 

𝜀′ = 𝜀∞ +
𝐶

𝑇1
2
coth

𝑇1
2𝑇

− 𝑇𝐶
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 2 

where C is constant and T1 gives the energy scale of 

quantum fluctuations that are suppressing the macro-

scopic ferroelectric phase transition. We suggest that 

quantum tunneling is responsible for the suppression of 

ferroelectric phase transition, as confirmed by neutron 

experiments [2].  

Fig. 2. Temperature-dependent inverse dielectric permittiv-

ity of an array of nano-confined water molecules in beryl 

crystalline matrix measured at 1 kHz. 

As seen from Fig.2, the inverse dielectric permittivity 

displays weak minimum at the lowest temperatures. 

This effect can be considered as either coming from 

onset of short-range spatial ferroelectric (antiferroelec-

tric) correlations between the dipole moments or signs 

of quantum critical behavior of water molecular elec-

tric dipoles. Further experiments are needed to clarify 

this point. 

The specific potential profile experienced by the water 

molecules localized within the nano-cages of cordierite 

leads to emergence of an overdamped temperature de-

pendent relaxation at radiofrequencies and a rich set of 

excitations in the terahertz range. The origin of both 

types of excitations needs detailed investigation.  

In conclusion, spectroscopic studies of an array of di-

pole-dipole interacting water molecules localized 

within nano-sized cages of crystal lattice of dielectrics 

demonstrate a rich set of excitations that are not ob-

served in liquid water. The corresponding H2O molec-

ular network can thus be considered as a model system 

whose studies will allow to proceed to investigations of 

more complicated water-containing objects. 

The work was supported by Russian Foundation 

for Basic Research program Project No 18-32-00286. 
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Currently, there are a number of international pro-
jects on a full-scale study of the infrared and submil-
limeter-wave (SMMW) radiation in space, such as the 
Space Observatory “Herschel” (mission is completed, 
analysis of the data is in progress), the Stratospheric 
Observatory “SOFIA” based on a Boeing-747SP 
wide-body aircraft, astronomical interferometer of 
MMW and SMMW telescopes in the Atacama Desert 
of northern Chile “ALMA”, and many others. The 
demand of high-level spectroscopic data, including 
the parameters of interaction between abundant in the 
interstellar space molecules and atoms, is extremely 
high, because it is necessary for the interpretation of 
the information coming from the radio telescopes. 
Many laboratory and theoretical research directed on 
the understanding of the interaction between ammonia 
(NH3), water (H2O), carbon monoxide (CO), nitrogen 
(N2), etc. and their main partners by the collisions in 
the interstellar medium - molecular hydrogen H2 and 
atomic helium He [1, 2]. These data are then used to 
test intermolecular interaction potentials, and they 
provide the necessary background for the develop-
ment for the astrophysical models. 

Another application, in which the intermolecular 
interactions with He and H2 play an important role, is 
the doping of helium or para-hydrogen clusters with a 
probe molecule to perform high resolution spectros-
copy. Such experiments are directed on the detection 
of superfluid response of molecular rotation in the He 
and para-H2 clusters [3]. 

Typically, microwave (MW) spectra provide in-
formation about ground state end-over-end pure rota-
tional energy levels of the complexes, MMW spectra 
give access to their internal rotor states, and SMMW 
or THz wavelengths probe intermolecular vibrations. 
Gas phase high resolution spectroscopic data give 
unambiguous information on the dynamics, composi-
tion, and structure of the complexes, because their 
bound states are very sensitive to the interaction po-
tential. 

The overview of the spectroscopic methods as 
well as recent results on molecular complexes and 
small clusters are presented. 

OROTRON Spectrometer with Supersonic Jet 

In OROTRON, the MMW radiation is produced 
by interaction of an electron beam with the electro-
magnetic field of an open Fabry-Perot resonator. The 
principal scheme of the spectrometer is shown in 
Fig. 1. In order to allow the measurements in the mo-
lecular jet expansion, the entire OROTRON is placed 
into a vacuum chamber. The high vacuum part of the 
OROTRON includes the cathode, the collector and 

the fixed plane mirror with a periodic structure ruled 
on its surface. This part is separated from the rest of 
the resonator by a thin mica window, which is trans-
parent to the MMW radiation. The second part of the 
OROTRON consists of a movable spherical mirror. 
These two parts are connected to each other by a hol-
low brass cylinder with two openings for the propaga-
tion of a molecular jet through the resonator. 

Absorption inside the resonator is sensitively de-
tected by measuring the appropriate change of the 
electron current in the collector circuit. The principle 
of the method is that a change in the quality factor of 
the resonator due to the absorption in the gas will 
cause a change in the velocity distribution of the elec-
trons and thus in their passage to the collector [4]. 

The double resonance option strongly helps in the 
identification of complex spectra. If one of the two 
transitions in a three level system is saturated, the 
populations of the levels and, correspondingly, the 
radiation absorption intensity in the second transition 
change. Therefore, the absorption of radiation from an 
additional source in the first transition can be detected 
in a change in the signal of the spectrometer tuned to 
the second transition. As shown in Fig. 1, the ORO-
TRON spectrometer assumes the role of signal detec-
tion, while the microwave pump radiation is delivered 
by a microwave synthesizer followed by a high power 
broadband amplifier (2-110 GHz). The molecular 
beam travels perpendicular to both MMW and MW 
radiation beams and interacts simultaneously with 
them. 

 

Fig. 1. Schematic diagram of the OROTRON jet spectrome-
ter (100-150 GHz) with MW–MMW double resonance ar-
rangement. 
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This technique was applied to study many weakly 
bound van der Waals systems [5]. Fig. 2 shows one 
example of a 20 MHz survey for R(0) transitions of 
the He8–12C18O cluster [3]. 

 
Fig. 2. Record of the R(0) transition in the He8–12C18O clus-
ter by the double resonance method with OROTRON. 

Supersonic Jet Spectrometer for Terahertz 
Applctions (SuJeSTA) 

For measurements of the weakly bound van der 
Waals NH3–H2 complexes the SuJeSTA spectrometer 
(150-800 GHz) [6] was applied. Details of the current 
experimental setup used in the Astrophysics group of 
the University of Kassel for carbon clusters experi-
ments are shown in Fig. 3. A microwave synthesizer 
is used as a radiation source, followed by a frequency 
multiplier. The SMMW radiation intersects a pulsed 
supersonic jet ~5 cm downstream in a perpendicular 
configuration. 

A multi-pass optics is used to further enhance the 
signal-to-noise ratio. The absorption signal is detected 
by a low-noise liquid-He cooled hot electron bolome-
ter. The frequency of the synthesizer is modulated at 
40 kHz, and phase sensitive detection of the signal is 
achieved by a lock-in amplifier in 2f-mode operation. 
In addition to the frequency modulation of the radia-
tion source, an on–off modulation of the jet is used for 
background subtraction through a pair of boxcar inte-
grators. The combination of frequency and source 
modulation substantially improves the S/N ratio and 
at the same time suppresses standing wave effects. 

 
Fig. 3. SuJeSTA spectrometer (150-800 GHz) with multi-
pass cell and recorded line of the pNH3–oH2 complex. 

Double Resonance Spectroscopy with Cryogenic 
Ion Trap Apparatus 

A novel action spectroscopic method for rotation-
al spectroscopy of weakly bound complexes, which 
has been recently developed in the Spectroscopy 
group of the University of Cologne. This method uses 
a double resonance consisting of a rotational transi-
tion (MMW) followed by a predissociating transition 
(IR), and uses the final destruction of the complex as 
the spectroscopic action signal. This approach was 
applied to obtain high-resolution rotational data of the 
He–HCO+ complex. HCO+ is particularly interesting 
because it is probably the most abundant molecular 
ion in dense cores of interstellar molecular clouds and 
its complex with He is regarded as reaction interme-
diate of the proton exchange reaction.  

The experiments have been carried out in the 22-
pole ion trap machine COLTRAP [7]. The spectro-
scopic parameters of the ground state have been de-
termined to microwave precision, thus providing the 
most reliable reference data for testing available He–
HCO+ interaction potentials. 

 
Fig. 4. Example for the double resonance technique applied 
to the He–HCO+ complex. 

The author acknowledges the Russian Science 
Foundation (Grant 17-12-01395). 
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At present time, biphoton fields are widely stud-

ied both in quantum optics and spectroscopy. There 

are many experimental and theoretical works devoted 

to nonlinear interferometers [1-5]. However, there is a 

lack of studies of generation for optical-terahertz 

biphotons in nonlinear interferometers. The goal of 

this work to analyze the possibility of observation for 

interference of the optical-terahertz biphoton fields in 

Young and Mach-Zehnder schemes, and calculating 

the angular-frequency intensity patterns at the output 

of the interferometers. 

Earlier a special approach was applied for meas-

uring of the dielectric function imaginary part at THz 

frequencies, based on the analysis of visibility of 

three-wave interference under spontaneous parametric 

down-conversion (SPDC) in the Young scheme [6]. 

The experiments were performed using SPDC-based 

three-wave interferometric technique in geometry of 

near-forward Raman scattering by phonon polaritons. 

This technique provides measuring absorption coeffi-

cients at frequencies of infrared and terahertz phonon 

polaritons using crystal samples of any arbitrary 

length with respect to propagation depth of absorbed 

waves. 

In this paper, we calculated the frequency-angular 

spectrum of the biphoton field at the output of the 

nonlinear Mach-Zehnder interferometer in the regime 

of strongly frequency-non-degenerate parametric light 

scattering. The lithium niobate crystal doped by mag-

nesium (LiNbO3: Mg) was considered as a model of a 

nonlinear interferometer (Fig.1), as two plates of 

thickness L with a layer L ' of the other medium being 

placed between them. The scattering geometry was 

chosen as follows: x(y,y) xz. 

 

 

Fig. 1. The geometry of the nonlinear Mach-Zehnder inter-

ferometer, c - the optical axes of lithium niobate crystals. 

It is well known that frequency-angular SPDC 

spectrum from one LiNbO3 crystal can be written as: 
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where δx, δz – longitudinal and transversal wave mis-

matches, respectively. According to [4], the modula-

tion function of the middle layer was calculated as: 
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The resulting interference pattern is described by the 

following expression: 

s i 1 s i s iI I m      ( , ) ( , ) ( , )                 (3)      

Two lithium niobate plates of 0.023 cm thickness 

with Mg content 5.1 mol% MgO were oriented as in 

Fig.1. The axes of the crystals are perpendicular to the 

wave pump vector, so eee- interaction was realized. In 

order to avoid the total internal reflection of idler 

wave at the boundary of a lithium niobate crystal, a 

material with a sufficiently high refractive index (~6) 

should be used as an intermediate layer. Between the 

plates of the interferometer is placed another plate of 

LiNbO3: Mg with a thickness of 0,007 cm with a Mg 

content of 4.1 mol% MgO. The optical axis of this 

layer was parallel to the wave pump vector. 

 

 
 

Fig. 2. Schematics of the experimental setup. 

Measurements were carried out using Ar+-laser 

generating a single-longitudinal mode at a wavelength 

of 514.5 nm. To enable the subsequent attenuation of 

the pump by an iodine chamber, an additional Fabri-

Perot interferometer was placed in the laser resonator, 

separating one longitudinal mode and significantly 

reducing the spectral width of the generation so that it 

does not exceed the spectral band of the absorption 

line of the iodine cell. The radiation power of one 

longitudinal mode was about 100 mW. To rotate the 

polarization of the pump we used a λ/2 plate. Heated 

up to temperature of 75°C an iodine vapor cell has 

many absorption lines near the generation frequency 

of the argon laser, so an iodine cell was used to filter 

the pump radiation. The signal radiation is eight or-

ders of magnitude weaker than the pump radiation 

and is shifted from the pump frequency by 0.1-7 THz, 

so the use of an iodine cell makes it possible to detect 

the frequency-angular spectrum of the signal radiation 
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without the parasite background of the laser pump. 

Using a system of three lenses, the signal radiation 

was focused on the entrance slit of the MDR-41 mon-

ochromator. CCD-camera Proscan HS-101H with a 

Hamamatsu matrix recorded resulting interference 

patterns; the size of one pixel of the matrix was 24 

microns. 

 

Calculated and measured frequency-angular spec-

tra are shown in Fig.3, one can see a good agreement 

between them. We suppose, that interferometry of 

optical-terahertz biphoton fields in the scheme of the 

Mach-Zehnder can be used as a method of spectros-

copy for various substances in the terahertz range. 

. 

 
Fig. 3. a) calculated frequency-angular spectrum, b) exper-

imental frequency-angular spectrum 
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Finite grating area at the surface of a metal plate 
can form a highly selective surface-wave Bragg reso-
nator which can be used for sensing in the THz range, 
among other applications [1]. For 1D and 2D struc-
tures, we describe surface modes confined at a metal-
lic plate. For a given material conductivity and grating 
dimensions, an optimum corrugation depth can be 
determined that provides the maximum value of the 
fundamental mode quality factor due to the interplay 
between radiative and Ohmic losses.  

Surface electromagnetic waves confined at the in-
terface of metal and dielectric have been widely stud-
ied [2] since they possess a number of unique features 
making them useful for various applications, includ-
ing antenna applications Raman scattering, etc. Since 
the evanescent waves are decelerated, Cherenkov de-
vices based on interaction of electron beams with sur-
face modes of the corrugated structures is of special 
interest in the short wavelength radiation bands, in-
cluding the terahertz band [3]. These devices allow to 
solve the problem of longitudinal and transverse mode 
selection in oversized electrodynamical systems. 

In this paper, we consider a periodically corru-
gated section of a metallic plate as a surface-wave 
resonator (see Fig.1) in a dielectric media with a per-
mittivity of  . We obtain the equations of wave cou-
pling with Ohmic losses taken into account and derive 
an integral equation describing the eigenmodes. Based 
on this equation, we find the optimum values of the 
corrugation depth providing the maximum Q factor of 
the fundamental mode dependent on the  . We also 
discuss the 2D variant of a surface-wave resonator. 

 
Fig. 1. 1D (left) and 2D (right) surface-wave resonators. 

 
In the case when the depth of sinusoidal corruga-

tion 0( ) ( / 2)cosb z b hz  is small in the scale of 

wavelength and of the structure period d the electro-
magnetic field of the surface mode existing near the 
1D corrugated metal plate can be presented as a sum 
of two quasi-optical wavebeams with slowly varying 
amplitudes A  which can be characterized by the 

magnetic field 

       0 0 0 0Re , , , ,
i t h z i t h z

xH A z y t e A z y t e
 

 
    

 
, 

where 0 / 2h h , 1/2
0 0c h    is the Bragg fre-

quency. Propagation of electromagnetic field in the 
vicinity of the Bragg resonance can be described by a 
system of coupled parabolic wave-beam equations 

which take into account the diffraction in y direc-
tion [2],  
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2
( ) ( )

A A Ai
y A i y A

z c t yh
  



  
       
        (1) 

At the edges of the corrugation we set non-reflection 
boundary conditions: ( 0) 0, ( ) 0zA z A z l     . 

Here 0 8hb /   is the coupling parameter, ( )y  is 

the delta function. Parameter / 2 skini kd    de-

scribes the Ohmic losses in the metal corresponding 
to the Leontovich boundary condition, skind  is the skin 

depth of the metal. 
Equations (1) applied to a system infinite in z di-

rection lead to the existence of a surface wave 
~ i z g y i tA e   

  with a dispersion law which in the 

lossless case can be put down as  
2

2 2 4h
c

      
 

                                     (2) 

Dispersion characteristic corresponding to (2) is 
shown in the lower part of Fig. 2.  

 
Fig. 2. Dispersion curve of the surface wave. Dots mark the 

surface-wave resonator modes at 2 5zhl  , lines in the 

upper part indicate the losses of these modes.  
 
In the case when the length zl  of the structure is 

finite, a set of longitudinal modes can be found. Seek-
ing modes of (1) at an eigenfrequency of  , and us-
ing the Fourier transform, one can obtain an integral 
equation equivalent to system [5] which possesses an 
infinite discrete eigenmode spectrum. Frequencies 
and spatial profiles of eigenmodes can be found nu-
merically. Real parts of the eigenfrequencies of the 
first several modes are marked with dots close to the 

dispersion in lower part of Fig.2 for 2 5zhl   while 

the imaginary parts of these modes are shown as ver-
tical lines in the upper part of the same figure. It can 
be seen that the Im  increases almost linearly. Qual-

ity factor   1

0 2 ImQ
    of the fundamental mode 

is about 3 times higher than that the next (second 
mode). It demonstrates the high selective properties of 
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 2

surface wave  resonator. Making use of the fact that 
according to the exact solution of (3), the longitudinal 
field structure of the mode tends to sine shape with 

increasing parameter 2
zhl , an asymptotic formulas 

for the fundamental mode eigenfrequency and Q fac-
tor can be obtained in the following form: 

2
2

1 4 2 2

1 2
Re 1

2 z

ch

h l

  
         

                      (3) 
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Q Q 
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Note the sensitivity of the eigenmode position to 
the value of  . According to (3), the precision of di-
electric sensing by such structure can be roughly es-
timated as 1Q . It is important that the two Q terms in 

(3) demonstrate different behavior at varying parame-
ter   that is proportional to the corrugation depth 0b . 

Total Q factor has a maximum in its   dependence 

for each zl . This maximum can be found from ex-

pressions (4) as 
1 53 3 54
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Fig. 3. Optimal   (gray) and maximum Q (black) and 

vs. length of the resonator. Solid lines correspond to copper 
structure in vacuum, dashed lines correspond 5 . 

 
The optimum Q and   values vs. length of the 

resonator are depicted in Fig.3 for a structure with a 
Bragg frequency of about 1 THz (d=150 m ) made of 

copper ( 0 065skind . m  ) for a structure in vacuum 

(solid lines) and in a dielectric with 5 . According 
to (4), in this parameter area the small corrugation 
approximation is validated for structures of several 
dozen periods or longer. For instance, for a structure 

with a length of 100 periods ( 630zhl  , see dotted 

line in Fig.5), a corrugation depth of 1/10 wavelength 
provides an optimal Q factor of about 1000 for copper 
at normal temperature. In a dielectric with 5 , Q 
value is much lower while the optimum corrugation 
depth remains almost the same. 

Theory of 1D surface-wave resonators given 
above is applicable only at moderate (in the sense of 
Fresnel scales) transverse (x) sizes of the system, as it 

describes, in fact, a single transverse mode approxi-
mation. At larger x-dimensions of the system, various 
transverse modes with close Q factors would compete 
with each other. In [5], 2D surface-wave resonators 
were introduced to provide a means for synchroniza-
tion of radiation from wide electron beams into the 
evanescent wave. For a 2D resonator (see Fig.1) with 
a corrugation of  

  2 2 2, / 4 cos( ( )) cos( ( )) ,D D Dl z x l h z x h z x       

we use the time-domain simulation to find the funda-
mental mode. In this case, four partial quasi-optical 
wave-beams take part in formation of a surface mode, 
two of which ( A ) are propagating in z  directions 

and the other two ( B ) are propagating in x  direc-

tions. For 2D Bragg structures, Bragg frequency and 

wavenumber are defined as 0 0 0 2, Dch h h  .  

Wavebeam coupling is described by the following 
system of equations [5]: 

2

22
( ) ( )( ),

2 D

A A Ai
y A i y B B

z c t k y
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Here 2 2 2 / 8D D Dh l  . To complete the 3D non-

stationary model, we also set an "ideal metal" condi-
tion / 0, / 0A y B y        at some point yy l  

with yl  much larger than the scale of decay of the 

fields. These equations were simulated with random 
initial conditions set at t=0 for the parameters of 

2 2
2 0 2 04.4, 3.14D z D xh l h l    . In simulation, a single 

mode with highest quality factor survived at 
2
2 0 100D t   . This fundamental mode is confined at 

the corrugation and possesses a bell-shaped structure 
in (z-x) plane. Q factor of this mode is about 215 .  
Thus we have shown that a 2D surface-wave resona-
tor with shallow corrugation is a highly selective 
structure with respect to three coordinates.  

This work was supported by RFBR grant No. 16-
02-00890. 
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The terahertz (THz) frequency range has a large 

number of potential applications. Terahertz radiation 

interacts with rotational and vibrational transitions of 

organic molecules, thus, this one can be used for spec-

troscopy of small organic molecules, for example 

glucose [1], water [2], macromolecules, cells [3], bio-

logical _tissues and medicines is possible. Also, the 

terahertz frequency band can be used in quality con-

trol of electrical circuits, drugs and product, astrono-

my, security systems and communications [4]. 

Each application requires components for genera-

tion, detection, polarization, amplification, and modu-

lation of terahertz radiation. Currently, devices are 

being developed, the parameters and properties of 

which can be controlled. Several materials are capable 

of changing the properties and characteristics in the 

terahertz frequency range one of them is single-walled 

carbon nanotubes (SWCNTs). So, in our last article 

[5] we showed that the complex dielectric permittivity 

of a thin film of carbon nanotubes under the influence 

of optical pumping varies in the terahertz frequency 

range. Such thin layers of nanostructures readily ab-

sorb various liquids. Therefore, such samples can be 

processed in various ways. One of them is densifica-

tion. This is the process of compacting the material. In 

this paper, we investigated the optical properties of 

thin SWCNT layers before and after densification, 

and how the optical properties change under the influ-

ence of infrared pumping at wavelength of 980 nm. 

SWCNT film was made by chemical vapor depo-

sition (CVD) [6] on nitrocellulose filter. This film was 

examined with scanning electron microscope (SEM) 

(Fig. 1(a)) and transmission electron microscope 

(TEM) to determine dispersion of length of nano-

tubes, their diameter and film’s thickness.  

a)   b)  

Fig. 1. a) Sample image of a SWCNT film obtained using a 

scanning electron microscope, b) Photo of sample 

 

Characteristics of SWCNT film: 

Nanotubes’s length ~15 um 

Diameter of nanotubes 1.3 – 2 nm 

Film’s thickness 55 nm 

After that, SWCNT film was moved on teflon 

(PTFE) substrate with thickness of 350 um (Fig. 

1(b)). The sample was studied using terahertz time-

domain spectrometer (THz-TDS) [7] with additional 

980 nm infrared laser for optical pumping (up to 0.7 

W/cm2). Scheme of THz-TDS is shown in Fig. 2.  

 
Fig. 2. Scheme of THz-TDS 

THz waveforms were obtained before densifica-

tion and after, with and without optical pumping   

(Fig. 3). 
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Fig. 3. Typical THz waveforms  

To calculate a complex conductivity of the sam-

ple, the thin-film method [8] was used  
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were 0Z  – impedance of free space, f  - frequency, 

Subn  – refractive index of substrate, 
0
ˆ ( )E f  and ˆ ( )E f  

– the Fourier transforms of the detected THz wave  
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transmitted through the SWCNT layer on the PTFE 

substrate, and the PTFE alone, respectively.  

Spectra of complex conductivity calculated by the 

formula (1) are shown in Figure 4.  
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Fig. 4. Real part (a) and Imaginary part (b) of complex con-

ductivity of thin-film SWCNT 

The sample before densification has the effect of 

changing the complex conductivity (as in article 4). 

One explanation for this effect is that the nanotubes in 

the original sample are relatively free of each other, 

like "wool." Upon irradiation of a sample, the 

SWCNT oscillates more strongly; therefore, the con-

tact area between adjacent nanotubes decreases and 

the conductivity of the sample decreases. During the 

process of densification the distance between the 

nanotubes decreases, the overall density of the film 

increases, hence the contact area between the tubes 

increases and the conductivity increases. This is con-

firmed in our work. After densification, the conduc-

tivity increased and does not change upon optical 

pumping. In addition, peaks appeared on the spectra 

after sample processing, presumably due to the une-

ven compaction of a thin-film and a decrease in the 

signal-to-noise ratio for densified sample. 

According to the result of the work, it was ob-

tained that after densification, the sample began to 

pass less (increased losses / increased the real part of 

the conductivity), the real part of the refractive index 

slightly increased. At the same time, the ability to 

control explicitly is almost imperceptible. This can be 

used in terahertz antennas and integrated circuits for 

the terahertz frequency range, where part of the nano-

tubes are densified to attenuate control by optical 

pumping.  
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