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Abstract—This survey presents a review of experimental
methods relied upon while implementing gyrotron higher
mode generation techniques and performing near electromag-
netic field measurements in launcher and quasi-optical mode
converters. In particular, the paper focuses on low power
(cold) testing of gyrotron quasi-optical mode converters out-
side of the gyrotron, without the presence of high electromag-
netic power and electron beams.
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1. Introduction

A gyrotron is a high-power microwave source of coherent
electromagnetic radiation, with its frequency within the gi-
gahertz to terahertz range, and with the pulse power level
of 50 to 500 kW. The device has a broad range of potential
applications, as it may be used, for instance, in nuclear mag-
netic resonance, plasma diagnostics, spectroscopy, weather
monitoring, material processing, high-resolution radar, etc.
The operating principle of a gyrotron is based on the elec-
tron cyclotron resonance phenomenon [1]-[3]. Gyrotrons
use the interaction between an annular electron beam and
azimuthal electric field of a circular waveguide mode.
Electrons that have a cyclotron frequency set slightly be-
low the resonant frequency of the microwave excited in the
cavity, electromagnetic wave takes place. The high-order
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Fig. 1. Operating principle of a typical quasi-optical mode con-
verter.
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mode EM wave generated within the resonant cavity is con-
verted to a wave beam by the mode converter, is then shaped
by mirrors and sent towards the output through a window
(Fig. 1).

In order to design quasi-optical mode converters (QoMC),
dimensions and the geometry of the mode converter,
launcher and mirror system need to be determined. The
commonly used analytical equations or graphic methods,
such as geometrical optics, allow to obtain preliminary re-
sults with a good level of accuracy [4], [5]. These ap-
proximate usually serve as a good starting point for further
full-wave EM field detailed analysis, performed based on
computer simulations. A vector diffraction theory is of-
ten applied to simulate converter operation and to predict
output beam characteristics. The final stage of the design
process consists in experimental verification of the theoret-
ical models. Those examples that are most representative
for this specific area of research have been selected and are
described in this paper.

2. General Remarks on Measurement
Setup

Converter design-related mistakes and implementation
phase errors need to be eliminated in order to avoid any
further problems. Any errors in the QoMC design should
be detected before the device starts to operate at max-
imum power output. Due to high manufacturing costs
and considerable health risks associated with powerful gy-
rotron emissions and the vacuum environment, the so-called
cold test method is the only practical method, as it may
be deployed without the presence of high levels of EM
power [6]—[8]. This method involves measurements of im-
portant parameters at safe, low power EM levels. The mea-
surements allow to detect any mistakes made at the design
stage or any faults appearing as a result of converter com-
ponent manufacturing or assembly processes.

A number of methods have been developed to evaluate the
performance of the gyrotron QoMC setup. The higher or-
der modes generator is a key element of any “cold test”
measuring system. The whispering gallery field mode cre-
ated by the mode generator is further transformed into
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a Gaussian beam using the launcher unit and a mirror sys-
tem. The standard cold method (from high order mode
generator to Gauss beam) requires the design of a higher
order mode generator excited by a signal from the vec-
tor network analyzer (VNA) instrument, through a set of
current sources. In a typical test system, the higher order
mode generator is connected between the VNA TX output
and the QoMC input tested. The methods of generating
rotating and non-rotating modes are further described in
Subsection 3.3.

In some types of measurements, the generators may be
omitted. It may be assumed that passive quasi-optical sys-
tems are reciprocal. This means that lab-class models may
be developed based on the method proposed by Vlasov [9].
In this “reversed” design method, the Gaussian beam cre-
ated in the horn type antenna is further converted into
higher order EM modes in the gyrotron resonator, after
passing through the mirror system and launcher unit. The
next step in such an approach is to design a system that
allows to measure these higher order modes. This solu-
tion often relies on two identical converter paths connected
with each other in both directions (back-to-back) [10]. Such
a system is convenient for transmittance measurements. In
this setup, fundamental waveguide modes are available at
input and output ports, but the transmittance measured in
such a setup is two times lower than that of a single con-
verter. The measurements may be easily performed using
the VNA instrument. The mode generator and QoMC com-
ponents are located very close to each other. To measure the
fields radiated by them, the near filed measurements meth-
ods, using VNA, may be applied. the process is described
in greater detail in Section 5. In order to gain insight into
the process of field transformation occurring in the QoMC
structure, radiation characteristics of the launcher device
and the set of mirrors must be determined. This allows to
see how the system is changing the geometry of the radi-
ated wave beam. The most important QoMC parameters
that should be measured are the radiation characteristics of
the launcher and mirrors set. For this purpose, well-known
techniques developed for the purpose of antenna near fields
measurements are used.

3. Generators of Higher Order Modes

The higher order mode generator is often described in the
literature as a converter. This is because of the operating
principle, pursuant to which fundamental mode is converted
in the waveguide in to a higher order axial mode. The
following basic parameters determining the quality of the
converter may be distinguished. The first one is conversion
efficiency, understood as the ratio between the power of the
desired output wave and the power of the input wave, with
a gyrotron type of field. Purity is the second important
parameter, as it determines the percentage of components
related to unwanted field types, in the output spectrum.
Bandwidth and physical length of the conversion system
are its remaining characteristics. The mode generator al-
lows to create appropriate, higher order azimuthal EM field
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types, precisely corresponding to those appearing in the
gyrotron resonator. Two types of generators are used here.
The rotating mode generator (RMG) in which a higher or-
der rotating mode is created is the first of those types. This
is a complicated device with low conversion efficiency,
but high mode purity. The second type has the form of
a non-rotating mode generator (NRMG) [11] in which
a non-rotating, higher order mode is created first. This
mode is further converted into a rotating mode of the same
order using the so-called polarization converter (polarizer).
Generators of this type are usually used to generate ex-
tremely high order modes (such as TEj; ¢ etc.) [12]. Such
devices have a simple design resulting in high immunity to
mechanical interference from vibration. Their significant
drawback consists in the extremely long waveguide length
and, consequently, narrow bandwidth.

Currently, several known methods of generating higher or-
der modes exist:

e converters based on the principle of periodically dis-
turbance of the geometry of the waveguide wall,
which gradually transforms the basic type into
a higher order waveguide [12]-[14],

e converters inducing the higher order bay mode
through the perforated side wall of the bay (translu-
cent cavity wall), using a fader in the form of a quasi-
optical mirror [15],

e converters using Y type power dividers to generate
relatively low order modes, such as TEq;, TE;,
TE4,1 [16]. Units of type offer high conversion effi-
ciency, high signal purity and high bandwidth. Due
to their symmetrical coupling structure, they may
only generate fields that have even azimuth indices of
low order fields, such as circular type TE ;1 or TE4 ;.

3.1. Excitation of Selected Higher Order Modes

Excitation of the selected mode may be achieved by us-
ing properly spaced electric or magnetic current sources.
The current sources may be created by excitation probes
or loops, as well as by coupling apertures in waveguide
wall. The electromagnetic field inside a circular waveg-
uide is excited by all induced magnetic moments P,,. The
method of exciting modes from any electric or magnetic
source is described in [17]. In a typical solution presented
in [18], [19], rectangular waveguide sections with the fun-
damental TE; o mode are connected to a circular waveguide
via coupling apertures on the waveguide’s side wall. To ex-
cite a pure TE,;; mode, magnetic current sources must be
applied. For example, to excite TE> | and TE4 ; modes, two
and four coupling apertures have to be used, respectively.
For excitation of the mode which has a circular distribution
of the electric field, selective use of two, four or even more
magnetic dipoles may be required.

3.2. Excitation of Rotating Higher Order Modes

Non-rotating modes may be converted into rotating modes
of the same-order using the so-called polarization con-
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verter [20]. The reported conversion efficiency in this
method exceeds 63%, with —2 dB within the 92 to 95 GHz
range [20]. The EM wave with circular polarization may
be decomposed into two waves with linear polarization and
equal amplitudes, being shifted in phase by 90°, however. It
follows that the TE,, ; wave with circular polarization may
be generated by the TE,, | wave with linear polarization and
its degenerated wave TE,, ;. The linearly polarized TE,,
wave propagates along a circular waveguide and reaches
the polarizer. As a polarization converter, a mode con-
verter with azimuth wave rumbling is used. The polarizer
radius is expressed as follows:

r(¢) =ap+aicos(109) , (1

where qag is the average polarizer radius, a; is the deforma-
tion and ag > a;. The TE,,; wave with linear polarization
is gradually transformed into its degenerate wave TE,,
due to deformation of the waveguide wall. The length of
the deformation, the amplitude of the deformation and the
length of the transition section are optimized to obtain two
output modes of equal amplitude, but with phase shifted by
90°. With higher deformation, the polarizer length will de-
crease, but the difficulty of manufacturing increases signif-
icantly. Two types of rotating mode generators may be dis-
tinguished: high-order rotating mode generators with a per-
forated cavity wall [21], [22] and rotating mode generators
with linear mode conversion [23].

3.3. General Remarks on Mode Generator Design

The complexity of design problems increases along with
the number of mode orders to be excited. When a selected
mode is excited, other types with a lower cut-off frequency
can also be excited. For example, to excite the TE4 ; mode,
you must consider the possibility of excitation of as many as
14 undesirable modes. This means that when exciting the
TE,4 ;1 mode, the concentration of the remaining 14 modes
should be kept as low as possible. There are several dozen
different undesirable modes within the terahertz frequency
range. For practical use, the most suitable ones are those for
which a large separation between neighboring modes can
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Fig. 2. Circular waveguide cut-off frequency as a function of
waveguide radius.
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be achieved, thus leading to high modal purity. Conversion
losses caused by dissipation of ohmic energy on the copper
walls of the converter may be a serious problem as well.
However, for higher order mode generators, transmission
efficiency is usually less important than modular purity.
The first step in the converter design procedure is to select
the circular waveguide diameter. The cut-off frequencies
for subsequent modes increase as the waveguide diameter
decreases (Fig. 2). To increase separation between succes-
sive modes, a coaxial waveguide with a center conductor
may be used. The presence of an internal conductor has
an effect on the spectrum of the modes’ eigenfrequencies.
This makes the coaxial waveguides spectrum much more
spread compared to circular waveguides.

The suppression of undesirable modes near the working
mode can be achieved by selecting the appropriate diameter
ratio C:

C— Tout : 2)
Tin

where r,, and r;, are the radiuses of the outer conductor
and inner coaxial waveguide. More specifically, the coaxial
waveguide with a properly selected C ratio should support
the propagation of the desired mode and block the propa-
gation of higher order modes.
For a coaxial waveguide with C ratio propagation charac-
teristics for the selected mode, TE,,, may be obtained by
solving the following equation [21]:

Ion (omn) Vo (%g) ~ 7, (’%””)Y,; () =0. (3

When the radius of the outer conductor is much larger than
the radius of the center conductor, then:

Xmn
— 00,
C

“)

and the equation for the boundary conditions of the coaxial
waveguide cross-section is simplified to:

Jr/n(an) =0, 4)

which determines the cut-off frequency for a field type in
a circular waveguide. In practice, a smooth tapered tran-
sition is often used to gradually increase the C ratio for
external and internal conductors (Fig. 3). The waveguide
and mode converter designed in this way create an open
resonance structure that can further improve modal purity
of the desired field type.

To avoid the competition effect between modes, a resonator
with a high Q factor should be designed. The high value
of the resonator additionally allows to reach the operating
point with a high coupling efficiency of the beam with an
RF field [23]. To handle higher power levels, the size of the
transverse cavity must be increased, which simultaneously
lowers coupling efficiency of the beam and radiation levels.
The cavity quality factor may be expressed as [23]:

2 1
o=4x(z)(+5) ©
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Fig. 3. Circular waveguide with tapered transitions and internal
conductor.

where L is the effective length of cavity and p is the re-
flection coefficient.

Mechanical design is essential for the mode generator. It
is important to maintain both simplicity of the structure
and the resulting resistance to mechanical interference and
vibrations. An important disadvantage of generators with
a complicated mechanical design is the need to perform
precise adjustments of the quasi-optical elements before
commissioning the devices. At higher frequencies within
the terahertz range, the elements have to be fabricated with
the level of accuracy down to single micrometers. This
technology is currently under development [24].

4. Measurements for Quasi-Optical
Systems

Individual components of the QoMC converter are usually
positioned close to each other. Therefore, for measuring
EM fields, near-field measurement methods have been de-
veloped. The term “near-field” is defined as the distance
from the antenna, remaining in the range of z’l—ﬂ to 2%2 [25].
A typical measuring setup used to measure antennas or de-
vices in the near field is shown in Fig. 4.

The system consists of an RF signal source, two fre-
quency mixers with a properly selected local oscillator and
a phase/amplitude receiver. All those components consti-
tute a simplified VNA unit [26]). There is also the tested
device (DUT) and the measuring probe. Two computer-
controlled electro-mechanical positioners are responsible
for the appropriate scanning geometry.

The measurements of field distribution in the entire QoMC
are reduced to scanning individual elements, assuming that
their location in space is appropriate. This means that start-
ing from the first element, e.g. the Vlasov launcher in the
gyrotron’s internal mode converter, the distribution of ra-
diation at the place of attachment of the second element
(quasi-elliptical cylinder mirror) is checked first, and then
the field reflected from the second element is measured
at the location of the third element (mirror phase correc-
tion), and so on. Based on such a procedure, the entire
quasi-optical system may be characterized, making it much
easier to detect possible errors and allowing to quickly in-
troduce some adjustments to the design at the cold testing
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stage. It should be noted that adding another component
of the QoMC requires that the scanner’s orientation be ad-
justed relative to the tested system. The direction of the
scan axis, which serves as a reference point for starting the
scanning procedure, must coincide with the direction of ra-
diation from the tested components, maintaining the radial
representation of geometrical optics [27], [28]. Scanning
systems comprising different quasi-optic elements (QoE)
use different scanning geometries, and implementation of
the right geometry may be difficult and complicated.

Positioner

Computer controller

Phase/amplitude Jir
receiver

LO
Jfro = (f, —fip)/multiplier

RF source

|_| Multiplier |-f—V|Signa1 generatorl

Fig. 4. Block diagram of the measuring system used to measure
antennas/devices in the near field.

In classic field scanners, there are three basic scanning ge-
ometries — planar, spherical and cylindrical, for which dif-
ferent solutions are provided [25], [29], [30]. A robotic
arm may be used for the above cases and for unusual sur-
face mapping with the right number of degrees of free-
dom [31], [32]. For example, helical (in a cylindrical coor-
dinate system) or spiral (in Cartesian and spherical coordi-
nate systems) scanning techniques significantly reduce the
scanning time of antennas in the near field [33]. This is im-
portant when we want to quickly perform a near-to-far field
transformation, but appropriate non-redundant transforma-
tions based on the interpolation method should be used
[33]-[41]. In the case of a quasi-optical mode converter,
the far field may be taken into account when considering
radiation outside the gyrotron window. Regardless of the
scanning method used in the measurement of near-field,
many factors need to be taken into consideration, includ-
ing [29]: absorber and its placement, cross-talk and leak-
age, cable flexing, noise and dynamic range, nonlinearity,
normalization, scan area truncation, sampling criteria, sep-
aration distance between the test antenna and the probe,
probe selection and correction.

Most near-field scanning systems are capable of accurately
measuring amplitude, while measuring the phase of radi-
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ation patterns at millimeter-wave frequencies still remains
a challenging problem [42]. In the millimeter and submil-
limeter wave ranges, the conventional heterodyne receiver
is not immune to phase errors introduced by wiring and by
environmental conditions. Generally, amplitude and phase
correction [43], [44] should be applied, for example by us-
ing multiple receivers [45]-[47] or by applying a phase
recovery algorithm from planar scanner maps at different
distances from the DUT [48], [49]. This is important in the
case of high order rotating gyrotron modes, where phase
information is necessary for a good analysis of the quasi-
optics mode converter.

4.1. Planar Scanning

As the name implies, a planar scanner (Fig. 5) senses ra-
diation on a plane rather than a rotating surface, which
greatly simplifies its design. In addition, most of the beam
fields are limited to halfspace [50], and its efficiency
in data collection and processing [51] makes it suitable
for the work of many research groups [30], [52]-[55].
QoE is most often stationary here, while the probe (scan-
ning antenna) is moved along the x-y plane. The movement
is performed line-by-line, the results of the experiment are
taken in the region where the disappearing waves (non-
propagative types of field) are not important and the probe
position increments less than A/2 in both x and y direc-
tions [29]. This is necessary in order to meet the Nyquist
sampling criterion and to avoid aliasing. Due to the limited
measuring surface, planar scanning is suitable for measure-
ments at the output taper of mode generator (before en-
tering the launcher). Each scanning point P is represented
with the use of Cartesian coordinates x, y, z, where z =
d = constans.

Probe

DUT

Fig. 5. Near-field planar x-y scanner.

In publication [56], a four-axis configuration of a planar
scanner (x, y, z, rotation) is used, with the device also be-
ing capable of serving as a spherical scanner, but for a far-
field distribution. The planar scanner was used to measure
field distribution from the gyrotron output, after attenua-
tion of the signal, with a 2 Hz repetition rate, 140 GHz,
mode TEg ;. The radiation pattern was measured from the
“snake” to verify the conversion of the TE( ; mode to TE; ;.

Many other researchers also use the type of scanning ge-
ometry described in [30], where the scanner design allows
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to measure quasi-optical elements in the frequency range of
110-220 GHz [30], [57], [58]. In paper [52], researchers
used a planar scanner for mirror design for high-power gy-
rotrons. Field intensity measurements of the third mirror
and exit window were also carried out by authors in [44].
Other scientists using EO probes also performed measure-
ments of field distribution in the near-field, at an extremely
small distance from the converter aperture, on its outer and
inner sides, and measurements of the total mode transfor-
mation inside the mode converter. The position of the EO
probe is controlled by a programmable table, enabling it to
be slid along the x-y-z axes [45], [46]. Planar geometry is
also used for scanning the beam at the output of the pre-
bunching converter [28]. Planar scanners are also used to
measure field distribution of quasi-optical generators [22].

4.2. Cylindrical Scanning

Usually, the scanner uses a positioner that rotates QoE
along the angular coordinate ¢ and has a linear scanner
(motor) moving the probe along the y axis (Fig. 6).

Fig. 6. Cylindrical scanner concept — DUT/QoE rotator for azi-
muth rotation and probe of the linear y scanner.

The combination of QoE azimuth rotation and a linear
probe is equivalent to scanning on a cylindrical surface
around QoE. In practice, two measurement scenarios are
considered. The first is requires smooth QoE rotation and
change of the probe position. The other is requires a smooth
probe sweep along the y axis and angular QoE rotation. The
cylindrical scanning method is particularly useful for test-
ing fan-beam antennas that have a wide beam in one plane,
but a narrow beam in the orthogonal plane [29]. Detailed
considerations for this type of scan may be found in pa-
pers [29], [33], [59]. The author of [27], [60], measured
the filed radiation pattern from the Vlasov launcher at the
first mirror location. The study was performed at power
level in the range of megawatts, 3 us pulsed gyrotron oper-
ating in the TE» ¢ mode at 146 GHz. A very similar scan
was performed by the scientist in [61]. The measurements
were made for a megawatt gyrotron operating at 148.8 GHz
in the TE ¢, mode.
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In all methods, EM field is scanned utilizing a two- or
three-axial linear movement unit. Either the probe or QoE
are installed on the linear actuator, allowing pixel-by-pixel
scanning. In some cases, there is a need to perform image
post-processing in order to take into account probe charac-
teristics, scanning curvature or other influences.

4.3. Spherical Scanning

As far as antenna technologies are concerned, the spherical
scanning method is widely described in [29], [33], [62],
[63] and is used quite often, too. The working principle of
the scanner is shown in Fig. 7.

Fig. 7. Spherical scanner: principle of operation.

In the literature concerning QoMC, no examples were found
to indicate its use for near-field measurements. Therefore,
this type of scanning is performed at the output of the
QoMC, at a limited angle of 6 and at a distance exceeding
near-field limitations [50]. An example is the snake QoMC
carried out in the range of 6 £30° (sphere segment). The
scanner was deployed by placing the Labjack on a pivot
arm, where the pivot point was below the waveguide output
aperture. Spherical scanning in the far-field has also been
used and researched in [62] to determine the optimal cutting
angle for the Vlasov mod converter. However, we point to
the possibility of using spherical geometry, e.g. for scanning
the hyperboloid or paraboloid surface that corresponds to
the mirror surface. In addition, by using transformation, the
spherical surface may be transformed into other analytically
defined surfaces.

5. Measurement Probes

The probes are the most important part in the electromag-
netic near-field measurement setup. Selection of the ap-
propriate probe type and its dimensions determines which
component of the EM field may be measured and with what
spatial resolution [64].
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The most common types of probes include miniature horn
antennas, open-ended waveguides [65] and coaxial probes
with one or two (differential probes) coaxial cables [64].
Open-ended probes are used to measure the electrical com-
ponent, while closed loop probes are used for the magnetic
component [66]. Solutions are also in place using electro-
optical effects, allowing for very accurate measurement of
EM field distributions.

For example, in [64], the use of an optical probe allowed
the authors to reduce spatial resolution 5 times compared
to monopole coaxial probes (from 500 to 100 ptm). These
types of probes are especially suitable for performing mea-
suring in microelectronics [67]-[69] and for measuring the
phase of QoE. No other types of probes provide such good
results that would be as close to the results of numerical
simulations relying on full-wave description [70].

The use of EO probes to identify whispering gyrotron
gallery mode patterns [55] is the best example here. This
paper compares TEq, mode generator measurements ob-
tained using the VNA scan system employing the WRO8
open-ended waveguide probe, using EO probes and micro-
EO probes, with the results of CST Microwave Studio sim-
ulation data. The results show significant limitations of
near-field measurements performed with the use of open-
ended probe systems. Despite good SNR levels, resolution
and accuracy of the measurements are worse and depend
on the size of the probe itself and on its large metal sur-
face exposed. Micro-EO probes provided accurate mag-
nitude and phase measurements identifying mode rotation
data in the near field. The authors indicate that mode pu-
rity values of CW and CCW rotation equaled 98.11% and
99.8%, respectively. In addition, electro-optical probes, as
the only ones listed here, allow to measure the field in-
side such structures as mode generators, converters, and
resonators [13]. In the case of QoE measurements per-
formed in the gyrotron, the TE field type is most often
used. However, it should be borne in mind that designs
exist supporting the TM field. This emphasizes the need
for EO probes measuring E field and H field components.
The E field component may be measured using the electro-
optic effect of crystals [71]-[82], the converse piezoelectric
effect [83]-[86] or electrostatic attraction [87]-[90].
EO probes measure the H field component based on the
Faraday effect [91], [92], magnetostriction [93]-[104] or
refractive index tunability of magnetic fluid [105]-[115].
The operating principle of the individual probes was de-
scribed very well by scientists in [116]. In addition, they
showed a table with the parameters of various EO probes,
including the detection mechanism, sensor probe configu-
ration, detection range and sensitivity/resolution.

Figure 8 contains a schematic of the electro-optical probe
that is most frequently used in QoMC sensors.

The electro-optic probe is the most common solution used
in QoMC. It is based on the Pockels effect [58], where
refractive index change is caused by the EM field’s inter-
action with the crystal. This change may be observed and
measured as variation in polarization. The other approach
incorporates a non-metallic material (most often a LiNbO3
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XY scan _____ .

Fig. 8. Diagram describing the electro-optic detection process:
lock-in amplifier (purple), spectrum analyzer (purple), and EO —
electro-optic crystal (blue lines are fiber connections, dashed lines
are copper wires).

crystal [116], [58]) that has very little effect on EM field
distribution, but will change its physical properties when
EM field is applied, used as a sensing element. The po-
larized laser beam is used as an information carrier, as
it measures the change in physical properties of the sen-
sor material. Either polarization or intensity variations are
usually detected while using the optical spectrum analyzer.
Additionally, laser light is modulated with a reference sig-
nal to achieve better sensitivity and to enable the use of
a lock-in amplifier. Light is detected directly or by the
Mach-Zehnder interferometer. The test setup may be op-
tically coupled — in this case a fiber circulator is used to
separate the signal coming into and leaving the EO probe
crystal and a gradient index (GRIN) lens is usually used
to couple the laser between the fiber and the EO crystal.
Open space configurations are used as well. To provide
linear polarization, the polarizer is employed at the laser
output. A second polarizer is inserted just before the de-
tector and is used to filter light that has been changed in
the EO crystal. In this manner, the detecting sensor will
measure different light intensities and the detected change
will be proportional to the shift in polarization, based on
the Pockels effect caused by the EM field.
Photoconductive antennas (PCAs) may also be used as sen-
sors for terahertz electromagnetic fields. Such an appli-
cation of those antennas has been described, inter alia,
in [117]. There are several other probes for radiation pat-
tern measurements [56], which are placed on a plane that
is perpendicular to the radiation source. These include,
among others, pyroelectric cameras [118], [119] consisting
of an array of pyroelectric elements, thermal paper [120],
and liquid crystal sheets [121].

6. Summary

This paper has reviewed the wide scope of the exper-
imental verification methods of the gyrotron quasi-opti-
cal mode converters. The only practical option for safe
and precise measurements of the QoMC is the so-called
“cold test method” without the presence of high EM power
and also without the necessity to provide a good quality
vacuum. Using such a technique the complete system of the
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resonator, taper, launcher and mirrors set can be explored,
by using of precise but vulnerable measuring equipment.
The key component of the cold test test bed is the higher
order modes generator.

The launcher and mirrors set can be considered as a system
of radiating components operating at terahertz frequency
range. Therefore, for measuring EM field nearby the ra-
diators the methods developed to perform measurements
in an antenna near-field can be used. The paper presents
numerous examples of such measurement carried out by
various teams of researchers. The tests of field distribution
in the QoMC are usually reduced to scanning of individual
elements with the assumption of their appropriate location
in space. The most commonly used systems allow planar
and cylindrical scanning. By using transformation, spher-
ical surface can be transformed to other defined surfaces.
We believe that this method will allows for scanning the
hyperboloid or paraboloid surfaces corresponding to the
mirrors surface. The EM field measurements in terahertz
frequencies require the use of appropriate transducers that
allows to convert the EM field distribution to current or
voltage.

Probes are the key element in the EM near field measure-
ment setup. The selection of the appropriate probe type
determines the measured component of the EM field and
the measurements spatial resolution obtained. The paper
describes various types of probes used and their advan-
tages and limitations. A very promising solution is the
application of electro-optical effects, allowing for very ac-
curate measurement of EM field distribution. The use of an
optical probes allowed to reduce spatial resolution 5 times
compared to monopole coaxial probes. Some non-standard
methods such as thermal paper, pyroelectric cameras or
liquid crystal sheet may also be considered however these
methods give usually low quality images.
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