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AXIALLY SYMMETRIC MODES IN AN OPEN RESONATOR

Subject and Purpose. Th e behavior of axially symmetric oscillations in a hemispherical open resonator (OR) integrated into a 
waveguide transmission line and operating in pass-through mode is studied. Th e apertures of the OR mirrors are 60 mm. Th e 
radius of curvature of the spherical mirror is 85 mm. Two 3.6 × 0.17 mm slot coupling elements are positioned symmetrically 
about the OR axis and 13.2 mm away from it. Th e axially symmetric oscillations excited in a hemispherical OR by slotted coupling 
elements are analyzed with the view of characterizing dielectric materials using resonant methods in the EHF range. 

Methods and Methodology. Basic quasi-optical techniques are adopted. Namely, the electric-fi eld structures of oscillation types 
are measured by the perturbation method. Th e resonant transmission coeffi  cients of open oscillatory systems and the physical phe-
nomena occurring within them are experimentally studied using standard microwave measurement techniques.

Results. In the experimental study conducted at 70.622 GHz, OR oscillations with large transverse indices were identifi ed from 
amplitude distributions. Th e perturbation method was used with a 1 mm diameter probe. It has been shown that in non-axial 
OR excitation, axially symmetric oscillations are generated among others. Experimentally, a distinctive feature of those axially 
symmetric oscillations has been established, which is an area with zero electric-fi eld intensity at the center of the cavity. For the 
investigated TEM*0,1,12 oscillation, this area is 6 mm in diameter.

Conclusions. It has been demonstrated that an open resonator with axially symmetric oscillations is eff ective for measuring the 
electrophysical parameters of materials, including liquids. It has been established that the placement of a disk-shaped sample or a 
liquid-fi lled cuvette at the center of the fl at mirror of a hemispherical OR not only does not disrupt the working oscillation but addi-
tionally contributes to the angular mode selection of the OR oscillation spectrum. Th e hemispherical OR, as considered, can also be 
used for dynamic quality control of various liquids. In this case, the holder, like a quartz glass tube, is positioned along the OR axis.
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Introduction

Th e measurement of the electrophysical properties of 
liquid dielectrics is an important problem in medi-

cine, agriculture, and the oil industry. It poses signifi -
cant challenges for determining moisture content in 
various solutions, oils, and petroleum-based liquids, 
as well as for their quality control [1—4]. Currently, 
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the free-space method [5, 6], the waveguide method 
[7—9], and the resonant method [10—13] are well-es-
tablished techniques commonly used to characterize 
the electrophysical properties of both liquid and so-
lid dielectrics in the Super-High Frequency (SHF) 
range. Th e resonant method using cavity resonators 
is oft en preferred due to its higher sensitivity. Typi-
cally, measurements are conducted at X band (8 to 
12 GHz) [14, 15], which gains a balance between 
performance and practicality. Higher-frequency 
bands, such as Ka and especially V and W, can en-
hance measurement sensitivity. However, higher fre-
quencies require smaller cavity dimensions and in-
crease ohmic losses in the cavity walls, which results 
in a lower loaded Q-factor and degraded measure-
ment accuracy. Th e use of lower-frequency bands L 
and S builds up the mass and overall size of the mea-
surement setup. 

Yet, despite the above considerations, the Extremely 
High Frequency (EHF) range is just right to measure 
the electrophysical parameters of liquid dielectrics 
[16, 17] because at EHF, the dielectric permittivity 
and loss tangent of water decrease [18]. Water is a ma-
jor component of many biological fl uids and may be 
present in oils and petroleum products. Yet, to apply 
the resonant method for measuring the electrophy-
sical parameters of not only dielectric liquids but also 
solids, the resonant systems — open resonators (OR) — 
should be adapted for those high frequencies [19—
27]. Th e most widespread are hemispherical resona-
tors [20, 21, 23, 28, 29]. Th is is primarily because a 
plane-parallel sample [21, 30] or a liquid-fi lled cu-
vette [43] is accommodated on the OR fl at mirror, 
near which the fundamental TEM00q mode has its 
phase front fl at. In measurements, care is taken that 
the transverse dimensions of the solid sample or the 
liquid-carrying cuvette exceed the diameter of the 
TEM00q mode fi eld spot on the mirror.  

In [31], a hemispherical OR attached to a section 
of oversized circular waveguide is used for the charac-
terization of solid dielectrics. Disk-shaped samples are 
accommodated at the bottom of the circular wave-
guide section, while cylindrical samples are posi-
tioned along the OR axis. Th e waveguide propagates 
the TE01 wave. To effi  ciently excite the TEM10q mode 
in the OR, the coupling element on the spherical 
mirror was shift ed away from the OR axis by 5.5 mm. 
A similar composite OR described in [32] diff ers 
from the previous OR structure [31] by supporting 

the higher-order axially asymmetric TEM30q mode. 
To effi  ciently excite the TEM30q mode, the coupling 
element on the curvilinear mirror is shift ed 11.5 mm 
from the OR axis. It turns out that, along with the 
well-known modes [33], the resonator of that kind 
supports the axially symmetric modes TEM*01q and 
TEM*11q [34]; the asterisk here stands to denote that 
the oscillation is a quasi-mode. A distinctive feature 
of these modes is a zero-valued electric-fi eld intensi-
ty within an extended area at the center of each mir-
ror. Introduce a disk-shaped sample, or a cuvette, or 
a quartz glass tube fi lled with some liquid into that 
region, and use the OR method for the research into 
the electrophysical properties of various substances, 
including high-loss materials. Th e resonator design 
enables measurements in both static and dynamic 
modes.

Th e article discusses axially symmetric modes ex-
cited by a slot coupling element placed some distance 
from the curvilinear refl ector axis in a hemispherical 
open resonator.

1. Experimental setup

A block diagram of the experimental setup for studying 
oscillation modes is shown in Fig. 1. An external view 
of the setup is in Fig. 2. According to Fig. 1, the hemi-
spherical OR adopted for electrophysical measure-
ments consists of spherical 1 and fl at 2 mirrors. Th e 
apertures of both mirrors are 2a  60 mm. Th e curva-
ture radius of the spherical mirror is R  85 mm. Th e 
normalized mirror space L /R is approximately 0.6. 
Th e setup design follows the cathetometer principle. 

Slot coupling element 3 in spherical mirror 1 feeds 
the signal into the OR. Coupling element 3 cites 
13.2 mm away from the OR axis (the 0z axis, Fig. 3) 
and represents a rectangular waveguide taper be-
tween a standard cross-section of 3.6 × 1.8 mm and a 
smaller one of 3.6 × 0.17 mm. Th is coupling element 
enables effi  cient excitation of the high-order, axially 
asymmetric oscillation modes TEM10q and TEM20q. 
Under the TEMmnq label, subscript m indicates the 
number of electric fi eld nodes along the 0x axis, n 
stands for the number of nodes along the 0y axis, and 
q is the longitudinal index. 

Th e signal source is a G4-142 generator, 6 in Fig. 1. 
It acts as a microwave oscillator, covering the 53.57 to 
78.33 GHz range with a frequency setting error of 1% 
and a possible frequency instability within 15 MHz. 
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Th e output power is at least 4 × 10–³ W, with the po-
tential for smooth frequency tuning over a 100 MHz 
range. Th e output power is regulated within 0 to 30 dB. 
To expand the dynamic range during measurements, 
the generator output signal is amplitude-modulated 
by a 1 kHz frequency square wave. Th e working fre-
quency is f   70.622 GHz (  4.248 mm). 

From the cavity, the signal is extracted using 
3.6 × 0.17 mm coupling element 4 (see Fig. 3), which 
is mirror-symmetrical about the OR axis to coupling 
element 3. Coupling elements 3 and 4 are identi-
cal rectangular-waveguide tapers between standard 
3.6 × 1.8 mm and smaller 3.6 × 0.17 mm cross-sec-
tions. Figures 1 and 3 show how the magnetic ( )H


  

and electric ( )E


 fi eld vectors of the TE10 wave are di-
rected inside waveguide 3.

Th e signal from generator 6 is directed to the wave-
guide path via a 3.6 × 2.0 mm polyethylene dielectric 
waveguide 8. For more eff ective impedance matching 

Fig. 1. Block diagram of the experimental setup

Fig. 2. Th e waveguide part of the experimental setup

between waveguide 8, generator 6, and the wave-
guide path, two pyramidal horns 7 and 9 of 19.5 mm 
lengths and 14.5 × 11.5 mm apertures are inserted 
into the circuit. For additional decoupling between 
the cavity and generator 6, a –8 dB fi xed attenuator 
10 is introduced. Directional coupler 11 in the wave-
guide path allows, if needed, monitoring of the cavity 
refl ection coeffi  cient during cavity tuning. Th e power 
coupled off  the incident wave is directed through the 
E-plane waveguide bend 12 to a matched load 13. 
Th e power coupled off  the wave refl ected from the 
cavity input is directed through the E-plane wave-
guide bend 12 to a matched load 14.

Th e signal from generator 6 feeds into the cavity 
through waveguide sections 15 and coupling ele-
ment 3 (see Fig. 2). Th e signal that has passed through 
the cavity is sent via coupling element 4 to the re-
ceiving path, which contains two H-plane waveguide 
bends 16, polarization attenuator 17, wavemeter 18, 
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detector 19, resonant amplifi er 20, and oscillosco-
pe 21. Th e wavemeter renders frequency monitoring 
of generator 6.

Th e setup (see Figs. 1 and 4) includes an addi-
tional receiving path. Th e signal feeds into this path 
through coupling element 5 at the center of the OR 
fl at mirror 2. Similar to the other two coupling ele-
ments, 3 and 4, coupling element 5 is also a taper from 
a standard 3.6 × 1.8 mm waveguide cross-section to a 
reduced cross-section of 3.6 × 0.16 mm. Th is wave-
guide path contains waveguide section 15, measure-
ment polarization attenuator 22, detector 19, reso-
nant amplifi er 20, and oscilloscope 21 (see Fig. 4). 

To identify oscillation types excited in the studied 
hemispherical OR, we use the perturbation (probe) 
method [35]. Th e electric fi eld component distribu-
tion is measured using probe 24 (see Fig. 4) hanging 
on a 0.1 mm-thick nylon thread 23.

Th e system is tuned to resonance by adjusting the 
spherical mirror (with the waveguide path attached) 
along the OR axis. Th is part of the experimental setup 
is highlighted with dashes in Fig. 1. Th e OR mirror 
space is measured with an accuracy of 0.001 mm.  

2. Measurement results

Th e excitation of the TEM*01q oscillation [34] in the 
cavity is considered. Th e signature of this oscillation 
is an area of zero electric fi eld intensity at the cen-
ter of the OR mirror. A sample of measurement re-
sults for the resonant transmission coeffi  cient Ktransm 
of the TEM*01q mode versus the normalized mir-
ror space L/R is shown in Fig. 5. As the longitudi-
nal oscillation index q increases by 1, the OR mirror 
space expands by approximately /2. At each q, the 
TEM*01q oscillation types were identifi ed by the per-
turbation method.

According to Fig. 5, the OR transmission coeffi  -
cient Ktransm increases as the normalized mirror space 
L/R decreases because ohmic and diff raction losses 
of the OR decrease. At L/R  0.245 (the TEM*0,1,10 
mode), the Ktransm drops because the TEM*0,1,10 in-
teracts with another mode excited in the OR. Th e 
Ktransm decrease for L/R  0.193 is attributed to the 
wave mode coupling amid the crowding of the OR 
mode spectrum for small mirror spaces. 

Let us estimate the loaded quality factor QL of the 
TEM*0,1,12 mode. Th e fi xed-frequency measurements 
admit the formula QL  Lres / l [36], where Lres is the 
mirror space at which the TEM*0,1,12 mode transmis-
sion is at its maximum, and l   L1 – L2, where L1 and 
L2 are the mirror spaces at which the transmission 
coeffi  cient of the mode drops by half (–3 dB). Based 
on the experimental data, the loaded Q-factor of the 
TEM*0,1,12 mode was found to be 2800. 

Th e electric fi eld structure of the TEM*0,1,12 mode 
in the OR is worth considering in two mutually per-
pendicular planes: in the planes x0z (the plane of 
the vector )H


 and y0z (the plane of the vector )E


 

(see Fig. 3). Th e z-axis coincides with the OR axis. 
Th e amplitude distribution of the electric fi eld com-
ponent of the TEM*0,1,12 mode was measured at the 

Fig. 4. Th e OR fl at mirror with the slot coupling element

Fig. 3. Th e OR spherical mirror with the slot cou-
pling elements
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fi rst antinode (counting from the fl at mirror) of the 
standing-wave electric fi eld component, i.e., at ap-
proximately z  /4. As already mentioned, the per-
turbation method performs these measurements. 
Th e diameter of the scattering (metallic) probe is de-
termined by the OR loaded quality QL and the opera-
ting wavelength . Based on the results of work [37], 
the probe diameter was taken to be 1 mm. 

Th e measured amplitude distribution of the elec-
tric-fi eld component of the TEM*0,1,12 mode in the 
x0z plane inside the OR is drawn with grey circles 
in Fig. 6.

In the x0z plane, the investigated mode TEM*0,1,12 
shows two fi eld spots, forming a two-lobe fi eld pat-
tern. Of practical interest is to compare the elec-
tric-fi eld amplitude distributions of the modes 
TEM*0,1,12 (measured) and the TEM1,0,12 (simulated 
using Hermite-Gaussian functions) [33, 38, 39] be-
cause the electric fi eld structures of the TEM1,0,12 and 
TEM*0,1,12 modes are visually similar. Th e diff erence 
is that the TEM*0,1,12 mode has an area of zero elec-
tric fi eld intensity at the OR mirror center. 

Th e TEM10q mode can be excited in the OR when 
the coupling element is shift ed off  the spherical mir-
ror axis. Th e simulation of the electric-component 
amplitude distribution of the TEM1,0,12 mode on the 
fl at mirror requires the knowledge of the OR mir-
ror space L0,0,12 corresponding to the fundamen-
tal TEM0,0,12 mode excitation. Th is step is essen-
tial because amplitude distributions of the electric 
fi eld components of all the OR oscillation modes 

are expressed via the spot radius of the fundamental 
TEM00q mode [39, 40]. When the coupling element 
is shift ed to the periphery of the curvilinear mirror 
(see Fig. 3), the TEM00q mode is not excited in the 
OR. Th is conclusion was experimentally verifi ed 
using probe 24 (Fig. 4) and the waveguide channel 
connected to coupling element 5 located at the center 
of OR fl at mirror 2 (Fig. 4). 

Th e experimentally measured value of the OR 
mirror space at which the TEM2,0,12 mode is excited 
is 26.68 mm. Th e fi eld distribution of the TEM2,0,12 
oscillation, like that of the TEM1,0,12, is described by 
Hermite-Gaussian functions. Th e next step is calcu-
lating the OR mirror space for the TEM2,0,12 mode 
from the expression [38, 39]

32 10
1( 1) arccos 1 .

calcul

calcul

cf
L

Lq m n R

 


   
         

  (1)

Here, f  70.622 × 109 Hz is the resonance frequency, 
c  3 × 108

 m/s is the speed of light, Lcalcul, mm is the cal-
culated OR mirror space, and R  85 mm is the curva-
ture radius of the spherical mirror. Ibidem, q  12 is the 
longitudinal index of the TEM2,0,12 mode, its transverse 
indices are m  2 (coordinate x, Fig. 3) and n  0 (co-
ordinate y, Fig. 3). Substituting the numerical values 
into expression (1) yields 2,0,12

calculL   26.695 mm. Th e 
discrepancy between the calculated and measured 
mirror spaces for the TEM2,0,12 mode is 0.056%.

Fig. 5. Th e resonant transmission coeffi  cient versus the OR 
mirror space for the axially symmetric TEM*01q oscillations

Fig. 6. Th e measured electric fi eld structure of the TEM*0,1,12 
mode (grey circles) and the calculated fi eld distributions for 
the TEM1,0,12 (curve 1) and TEM2,0,12 (curve 2) modes in the 
hemispherical OR in the x0z plane (y  0)
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Similar evaluations are performed for the next 
mode, TEM3,0,12. Its fi eld structure is also described 
by Hermite-Gaussian functions. Th e measured value 
of its resonant mirror space is 27.096 mm. And the 
same as before for the TEM2,0,12, but with m  3, the 
resonant mirror space is calculated by formula (1). 
Substituting the numerical values into equation (1) 
yields the OR mirror space 3,0,12

calculL  27.111 mm. Th e 
discrepancy between the calculated and measured 
mirror spaces for the TEM3,0,12 mode is 0.055%. 

Th e calculated mirror space 0,0,12
calculL  can be used to 

determine the radius of the TEM0,0,12 mode spot on 
the fl at mirror of the hemispherical OR. Given all the 
numerical values unchanged except the transverse 
index  m, which for the fundamental mode is zero, 
we have the mirror space 0,0,12

calculL  25.883 mm from 
expression (1).

We calculate the spot radius of the TEM0,0,12 mode 
on the OR fl at mirror using the expression [38, 39] 

0,0,12 0,0,12
0 1

calcul calcul
calcul L L

w R R R



 
   

,  (2)

where   4.248 mm as before. Substituting the nu-
merical values into expression (2) yields the spot ra-
dius 0

calculw  7.274 mm for the TEM0,0,12 mode. 
Th e normalized theoretical distribution of the 

electric-fi eld amplitude of the TEM1,0,12 mode on the 
OR fl at mirror in the x0z plane (y  0) is constructed 
by the formula [39]

max 2
0

0

2
/ exp ( / ) .calcul

calcul
e x

E E x w
w

      (3)

Th e calculation results produce curve 1 in Fig. 
6. To compare the fi eld structures of the TEM*0,1,12 
and TEM1,0,12 modes, we superimpose their ampli-
tude distributions. Th ey match well, but there are 
two notable exceptions. Th e fi rst is a roughly 5 mm-
wide area with zero electric-fi eld intensity, which the 
TEM*0,1,12 mode shows at the center of the mirror — 
something not observed in the amplitude distribu-
tion of the electric fi eld of the TEM1012 mode [33, 
38, 39]. Th e other is a substantially diff erent behavior 
that the electric-fi eld amplitudes of the TEM*0,1,12 
and TEM1,0,12 modes demonstrate within the do-
main 0.8  max/E E  1 (Fig. 6).

To understand the behavior of the electric fi eld 
intensity of the TEM*0,1,12 mode, address the nor-

malized amplitude distribution of the electric fi eld 
intensity of the TEM2,0,12 mode using the following 
expression [39]

max

2
2

0
0

/

2 1 exp ( / )

.4exp( 1.25)

calcul
calcul

E E

x x w
w



           


  
(4)

Th e calculations by formula (4) generate curve 2 
in Fig. 6. As observed, the values max/E E  1 at the 
positions 0( 5) / 2 8.133calculx w    mm corre-
spond to the side lobes of the TEM2,0,12 mode fi eld. 
Th e calculated x values are in close agreement with 
the experimentally measured x values at which the 
normalized electric fi eld intensity of the TEM*0,1,12 
mode equals unity (see Fig. 6). Also, from Fig. 6 
it follows that up to x = 9.614 mm — which cor-
respond to max/E E  1 in the calculated distribu-
tion (curve 1) of the electric fi eld component of the 
TEM1,0,12 mode — the electric fi eld structure of the 
TEM*0,1,12 oscillation closely coincides with the side 
lobes of the electric fi eld component of the TEM2,0,12 
mode. Further to the periphery of the fl at mirror, the 
electric fi eld structure of the TEM*0,1,12 mode fully 
aligns with that of the TEM1,0,12 mode. 

Th us, it can be concluded that the amplitude dis-
tribution of the electric fi eld component of the inves-
tigated TEM*0,1,12 mode represents a hybrid struc-
ture combining the features of the electric fi elds of 
the TEM2,0,12 and TEM1,0,12 modes. Th e main dis-
tinction of the investigated TEM*0,1,12 mode from 
the conventional TEM2,0,12 and TEM1,0,12 modes 
lies in that the TEM*0,1,12 mode exhibits a roughly 
5 mm-wide area with zero electric fi eld intensity at 
the center of the mirror (see Fig. 6). 

For a better understanding of the electric fi eld 
structure of the TEM*0,1,12 mode inside the OR, the 
behavior of its electric fi eld component should be 
analyzed in the y0z plane (Fig. 3). Th e measurement 
results are shown in grey circles in Fig. 7.

Th e electric fi eld intensity of the TEM1,0,12 mode 
in the y0z plane is zero due to the proper orienta-
tions of slot coupling elements 3 and 4 on the sphe-
rical mirror (Fig. 3). At the same time, this is not the 
case for the TEM*0,1,12 mode. Figure 7 evidences that 
the amplitude distribution of the electric fi eld of the 
TEM*0,1,12 mode in the y0z plane (the grey-circle 
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curve) resembles that of the TEM1,0,12 mode in the 
x0z plane (solid curve 1). As before, we compare the 
fi eld structures of the TEM*0,1,12 and TEM1,0,12 by 
superimposing their amplitude distributions.

Th e plots in Fig. 7 are qualitatively identical, 
with two exceptions. Th e fi rst is that the investiga-
ted TEM*0,1,12 mode in the y0z plane (the same as 
in the plane x0z) shows a roughly 5 mm-wide area 
with zero electric-fi eld intensity at the center of the 
mirror. Th e second is that the curve max/E E  1 
for the TEM*0,1,12 mode reaches its maxima at y 
 10.75 mm, while the TEM1,0,12 mode does so at 
9.614 mm. Additionally, as in the previous x 0 z 
case, the investigated TEM*0,1,12 mode is slightly 
deformed in the high-intensity fi eld domain 0.8 <
< max/E E < 1. As before, this is likely due to the exci-
tation of high-order modes in the OR with the coup-
ling element shift ed towards the mirror periphery. 
Th us, our research demonstrates that axially sym-
metric modes can still get excited in the OR when 
the coupling element is placed off  the spherical mir-
ror center, and this is true even though the resonator 
lacks axial symmetry (see Fig. 3). 

If the coupling element is located at the center of 
the mirror, only modes with even transverse m in-
dices (TEM00q, TEM20q, TEM40q, ...) are excited in 
the resonator. Th e shift ing of the coupling element 
toward the mirror periphery enhances the spectral 
crowding of this resonant system at the cost of the 
OR modes with odd m indices (TEM10q, TEM30q, 
TEM50q, ...). Interestingly, in this case, the OR fun-
damental TEM00q mode is not excited. And this was 
experimentally confi rmed. 

Let us consider a fragment of the measured OR 
mode spectrum illustrated in Fig. 8. Th e labelled os-
cillation types were identifi ed using the perturbation 
method. In the indicated range of OR mirror spaces, 
both the modes TEM1,0,12, TEM3,0,12, TEM5,0,11, and 
TEM7,0,11 with zero electric-fi eld intensity on the OR 
axis and the modes TEM2,0,12, TEM4,0,11, TEM6,0,11, 
and TEM8,0,11 with nonzero electric-fi eld intensity 
on this OR axis are excited. 

As observed (Fig. 8), within the indicated OR tu-
ning range, the transmission coeffi  cient is at a maxi-
mum not only for the TEM*01q mode but also for the 
TEM3,0,12 and TEM4,0,11. To understand why, address 
the TEM3,0,12 mode. Th e normalized distribution of 
its electric fi eld component on the OR spherical mir-

ror is described by the formula [38, 39] 
max

3
2

1
1 1

/

2 28 12 exp ( / )

.5.4226

calcul
calcul calcul

E E
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Substituting the numerical values of , R, and 
0,0,12
calculL  into equation (6) yields 1

calculw   8.726 
mm. Th e spot radius (8.726 mm) of the funda-
mental TEM0,0,12 mode on the spherical mirror is 
much smaller than the distance (13.2 mm) from 
the OR axis to the coupling element location. Th is 
explains why the TEM0,0,12 mode is absent in the 
OR mode spectrum. From equation (5), we fi nd 
that the positions 1,2x  of the electric fi eld intensi-
ty maxima max( / 1)E E   of the TEM3,0,12  mode 
on the curvilinear refl ector are given by the ex-
pression 1,2 1( / 2) (9 57) / 2.calculx w    Substi-
tuting the obtained 1

calculw  8.726 mm yields x1,2  
 12.551 mm. Compare it (12.551 mm) with the 
value (13.2 mm) of the above-mentioned off set of 
the coupling element on the spherical mirror from 
the OR axis. Th e diff erence is as small as 0.649 mm. 

Fig. 7. Th e measured electric fi eld distribution of the 
TEM*0,1,12 mode in the plane y0z (x  0) (grey circles) and 
the calculated electric fi eld distribution of the ТЕМ1,0,12 
mode (curve 1)
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Th is explains the high transmission coeffi  cient of the 
cavity in which the TEM3,0,12 mode is excited.

Th e mode spectrum fragment in Fig. 8 suggests 
that the resonant system of this kind is unsuitable 
for measuring the electrophysical parameters of ma-
terials because of a large number of excited modes. 
Th is circumstance complicates the operating-mode 
identifi cation when the sample is placed on the OR 
mirror. Carrying out these studies requires angular 
mode selection of the OR spectrum. 

According to Figs. 6 and 7, the investigated mode 
TEM*0,1,12 displays an area with zero-valued elec-
tric-fi eld intensity on the OR axis. Let a brass disk 
with a 5 mm diameter and a 1 mm height be placed at 
the center of the fl at mirror. Th is disk does not aff ect 
the transmission coeffi  cient on the modes TEM*0,1,12 
and TEM*0,1,13. Yet, having a height of approximate-

ly /4, it creates a strong phase inhomogeneity in the 
OR. Also, let us line the edge of the fl at mirror with 
absorbing graphite strips, arranged into a rectan-
gular frame. Each strip is 4 mm wide, 10 mm long, 
and the edge is 5 mm away from the mirror edge. In 
this shape, the absorber does not aff ect the transmis-
sion coeffi  cient of the investigated TEM*0,1,12 mode, 
which covers an area of about 40 mm in diameter 
on the fl at mirror (see Fig. 6). A fragment of the OR 
spectrum when the above-mentioned additional 
components are inserted in the OR interior is shown 
in Fig. 9.

Compared to the empty OR spectrum in Fig. 8, 
the oscillation spectrum of the loaded OR in Fig. 9 
is much sparser, with the transmission coeffi  cient 
Ktransm of the analyzed TEM*0,1,12 mode nearly un-
changed. In the loaded OR, several OR modes 
(TEM1,0,12, TEM2,0,12, TEM3,0,12, TEM6,0,11, and 
TEM8,0,11) are not excited at all. Th e empty-OR oscil-
lations (e.g., TEM5,0,11, TEM7,0,11) have signifi cant-
ly reduced amplitudes. Th us, samples in the form 
of a disk or a liquid-carrying cuvette positioned at 
the center of the fl at mirror contribute to the angular 
mode selection of the OR spectrum. 

For measuring the electrophysical parameters of 
liquid dielectrics using a quartz glass tube placed 
along the OR axis, modifi cations to the OR design are 
required. Specifi cally, the area with zero electric-fi eld 
intensity along the OR axis should be minimized. To 
this end, the radius of curvature of the spherical mir-
ror is reduced, and the coupling element located on 
it should be closer to the OR axis. 

Conclusions

Th e experimental research covered in this paper ma-
kes it possible the following statements.

1. When the coupling element is placed off -center 
on the curvilinear refl ector, axially symmetric oscil-
lations are still excited in the cavity that may even 
lack circular symmetry. Th ese axially symmetric os-
cillations have not been discussed in the literature 
yet [33, 39].

2. A distinctive feature of these axially symmetric 
oscillations is an area with zero electric-fi eld inten-
sity at the OR center [34]. Th is feature enables us to 
use the resonant system with these axially symmetric 
oscillations for measuring the electrophysical para-
meters of materials, including liquids. A disk-shaped 

Fig. 9. A fragment of the mode spectrum of a hemispherical 
OR loaded with a brass disk placed at the center of the fl at 
mirror

Fig. 8. A fragment of the mode spectrum of an empty 
hemispherical OR
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sample or a liquid-fi lled cuvette is placed at the cen-
ter of the fl at mirror of this hemispherical OR.

3. Th e OR, as examined, allows dynamic quality 
monitoring of various liquids. In this case, a quartz 
glass tube is placed along the OR axis. By varying the 

radius of curvature of the spherical mirror and the 
coupling element location on the mirror, we regulate 
the size of the area with zero electric-fi eld intensity 
in relation to the diameter of the tube. Th is is par-
ticularly important when studying high-loss liquids. 
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АКСІАЛЬНО-СИМЕТРИЧНІ КОЛИВАННЯ У ВІДКРИТОМУ РЕЗОНАТОРІ

Предмет і мета роботи. Предметом досліджень є поведінка аксіально-симетричних коливань у напівсферичному 
відкритому резонаторі (ВР), що інтегрований до хвилевідної лінії передачі і працює в наскрізному режимі. Аперту-
ри дзеркал ВР дорівнюють 60 мм, радіус кривизни сферичного відбивача  становить 85 мм. Два щілинних елементи 
зв’язку розміром 3.6 × 0.17 мм розташовані симетрично на відстані 13.2 мм від осі ВР. Метою роботи є дослідження 
аксіально-симетричних коливань, які збуджуються у такому напівсферичному ВР щілинними елементами зв’язку. 
Актуальність цих досліджень пов’язана з вимірюванням методом ВР параметрів діелектриків у ВВЧ-діапазоні.

Методи та методологія. Для вирішення поставлених у роботі завдань використано основні методи квазіоптики. 
Для вимірювання структур електричних полів розглянутих типів коливань застосовано метод пробного тіла. Резо-
нансні коефіцієнти передачі відкритих коливальних систем і фізичні явища, що в них відбуваються, досліджуються 
за допомогою стандартних методів НВЧ-вимірювань.  

Результати. Дослідження проводили на частоті 70.622 ГГц. Для вимірювання амплітудного розподілу збуджува-
них у розглянутому резонаторі коливань використовували пробне тіло діаметром 1 мм. У резонаторі збуджувалися 
коливання з великими поперечними індексами. Показано, що при неосьовому збудженні у ВР існують аксіально-си-
метричні коливання. Експериментально встановлено відмінну особливість таких коливань: у центрі резонатора іс-
нує область з нульовою інтенсивністю електричного поля. Для досліджуваного коливання ТЕМ*0,1,12 ця область має 
діаметр 6 мм.

Висновки. Відкритий резонатор з аксіально-симетричними коливаннями є ефективним для вимірювання елек-
трофізичних параметрів матеріалів, включаючи рідини. Установлено, що розміщення дископодібного зразка або кю-
вети, заповненої рідиною, в центрі плоского дзеркала напівсферичного ВР не тільки не порушує робоче коливання, 
але й до того ж сприяє додатковій селекції спектра коливань ВР. Розглянутий ВР також може бути використаний для 
динамічного контролю якості різних рідин. У цьому випадку вздовж осі резонатора розташовують тримач у вигляді 
кварцової скляної трубки.

Ключові слова: міліметровий діапазон, відкритий резонатор, типи коливань, елемент зв’язку, коефіцієнт передачі, 
пробне тіло.


