
Low Ohmic Losses and Mode Selectivity
Provided by a Distributed Bragg Reflector 
for Cavities of Terahertz Gyrotrons

Vitalii I. Shcherbinin , Senior Member, IEEE, Manfred Thumm , Life Fellow, IEEE,
and John Jelonnek , Senior Member, IEEE

Abstract— A new high-Q dielectric-loaded cavity is con-
sidered an alternative to conventional cavities for terahertz 
gyrotrons. The cavity consists of a two-layered distributed 
Bragg reflector ( DBR) r esonator j ointed t o s tandard input 
and output cavity sections. The DBR is formed by a cylin-
drical dielectric tube and a hollow layer. The main function 
of the DBR is to shield the metal wall of the resonator from 
the field o f t he s elected o perating m ode. I t i s s hown that 
this mode can be efficiently e xcited b y t he s ame electron 
beam in both the conventional uniform resonator and the 
DBR resonator. It is found that the mode conversion at 
the junctions between DBR resonator and standard cavity 
sections is low, resulting in more than 99% output purity of 
the operating mode. It is established that the characteris-
tics of both the conventional and dielectric-loaded cavities 
exhibit similar robustness against dimensional errors. It is 
shown that, unlike the competing modes, the operating 
mode benefits from exceptionally low ohmic losses, which 
favors improved mode selection in the dielectric-loaded 
cavity. Using the cavity of an existing second-harmonic 
0.5-THz gyrotron as an example, it is shown that sapphire 
DBR makes it possible to increase the ohmic quality factor 
of the operating mode and gyrotron efficiency by a factor of 
8 and 6, respectively.

Index Terms— Bragg reflector, gyrotron, metal cavity, 
mode selectivity, ohmic losses.

I. INTRODUCTION

OHMIC losses and mode competition are two related
fundamental problems, which place a rigid constraint

on efficiency and output power of second-harmonic gyrotrons
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operated in the subterahertz-to-terahertz frequency range [1].
This fact has stimulated theoretical investigations of vari-
ous types of gyrotron cavities with improved mode selec-
tion [2], [3], [4], [5], [6], [7], [8], [9], [10]. Despite this, today,
the trend is to use small-diameter conventional cavities having
a sparse frequency spectrum of competing modes at the cost
of high-power losses by wall heating. In the best available
high-frequency second-harmonic gyrotrons, such power losses
usually exceed 80% [11], [12], [13], [14].

A known way to reduce power losses by ohmic heating
is to introduce additional diffractive (radiation) losses in the
gyrotron cavity, thereby increasing the total cavity losses.
Additional losses of the gyrotron cavity can be introduced by
nonuniform structural elements [2], [10], [15], [16], such as
steps, grooves, and absorbing sections. An increase in the total
losses of the gyrotron cavity, however, reduces the beam–wave
interaction strength. First, this causes an increase in the starting
current of the operating mode and thus can make the problem
of mode competition even more challenging. Second, this
leads to a decrease in the interaction efficiency. Therefore,
despite reduced power losses by cavity heating, the resulting
improvement of the gyrotron output efficiency can be minor.
Moreover, nonuniform structural elements of the gyrotron
cavity initiate mode conversion [17], [18], [19], [20], [21],
which is usually neglected or estimated by approximate
methods in the beam–wave interaction modeling. The mode
conversion can initiate a drastic degradation of gyrotron per-
formance [5], [10], [21], including starting current of the
operating mode, output efficiency, and output mode purity.

The ohmic and total losses of a metal cavity can be reduced
by cooling it down to cryogenic temperatures with the aim of
increasing the electrical conductivity of the cavity wall [22].
For the cavity made of oxygen-free copper, as an example,
this makes it possible to increase the ohmic quality factor by
a factor of 1.7 at the frequency of around 0.5 THz. However,
low-frequency cooling requires additional material and energy
costs and therefore can reduce the net efficiency of the overall
gyrotron installation.

Another way to reduce ohmic losses is to load the
gyrotron cavity with a coaxial rod made of ultralow-loss
diamond [23], [24], [25]. Such a diamond-loaded cavity is



Fig. 1. Structure of a gyrotron cavity with DBR resonator.

capable of supporting high-Q modes. These modes are mostly
localized inside the diamond rod and therefore can have ohmic
quality factors of about 105, which is the inverse of the
diamond loss tangent at the subterahertz frequencies [26].
Such ohmic quality factors are more than five times higher
than those of conventional metal cavities of high-frequency
second-harmonic gyrotrons [11], [12], [13], [14]. The main
drawback of the diamond-loaded cavity is a fairly close spatial
arrangement of the diamond rod and electron beam. Therefore,
to maintain high beam–wave interaction strength and to avoid
unwanted electron interception by the diamond, strict cavity
alignment is required.

A distributed Bragg reflector (DBR) can provide an alter-
native means of reducing ohmic losses in the metal gyrotron
cavity. It is formed by specially sized stacked dielectric
layers and is designed to diminish the field amplitude of
the operating mode near the conducting cavity wall. In the
microwave range, the high-Q DBR resonators find use in
many applications [27], [28], [29], including recent exper-
iments on dark-matter axion search [30], [31]. This study
considers the potential use of the DBR resonator in a cavity
of a second-harmonic gyrotron operated at the frequency of
around 0.5 THz. A number of such gyrotrons with conven-
tional cavities have been fabricated worldwide for spectro-
scopic applications and exhibit an output efficiency below
3% [13], [14], [32], [33].

II. WAVEGUIDE MODES

In the analysis of gyrotron cavities, waveguide modes (also
known as radial or normal modes) are commonly used to
form an orthogonal mode basis. They are eigenmodes of an
infinitely long uniform waveguide.

Our prime interest is in eigenmodes of a conducting
cylindrical waveguide loaded with a coaxial dielectric tube
(see the inset of Fig. 1). The dielectric tube has the inner
radius R, thickness t, and relative complex permittivity ε =

εr (1 + i tan δ). The wall radius and electrical conductivity of
the waveguide are Rw and σ , respectively.

There is a well-established rigorous technique for solv-
ing a boundary-value problem for a multilayered dielectric
cylinder [34], [35]. The resulting equation is the dispersion
relation, which relates the axial wavenumbers kz and complex
frequencies ω of the waveguide modes to the dimensional

Fig. 2. Dimensional parameters t and g required to support cutoff TE6,n
modes with the frequency f0 = 526.38 GHz and ohmic quality factors
Qohm in the dielectric-loaded waveguide with R = 1.988 mm, σ = 1.55 ×

107 S/m, εr = 10, and tanδ = 5 × 10−5.

parameters of the dielectric-loaded waveguide. In the general
case, these modes are hybrid modes. The exceptions are axially
symmetric (m = 0) and cutoff (kz = 0) TEm,n and TMm,n

modes.
Gyrotrons operate in TE modes excited near cutoff frequen-

cies ω0 = 2π f0(1 − i/(2Qohm)). As an example, we refer
to the frequency of 526.38 GHz, which corresponds to the
cutoff frequency f0 of the TE6,5 mode of a hollow (t = 0)

conducting cylindrical waveguide of the radius 1.988 mm. The
same radius R = 1.988 mm is adopted for the hollow core
region of the dielectric-loaded waveguide.

For σ = 1.55×107 S/m, εr = 10, and tan δ = 5×10−5, the
capacity of this waveguide to support cutoff TE6,n modes with
specified frequency f0 = 526.38 GHz is shown in Fig. 2 as
a function of t/λd and g/λ, where g is the size of the radial
gap between the dielectric tube and conducting waveguide
(Fig. 1) and λ = c/ f0 and λd = λ/

√
εr are the wavelengths

in the hollow (free space) and dielectric-filled regions at
526.38 GHz, respectively. The calculated waveguide modes
have the same frequency and field distribution inside the
hollow core region (r < R) of the dielectric-loaded waveguide.
Despite this, they differ widely in ohmic losses, which include
wall and dielectric losses. The wall losses are proportional to
the skin depth δs multiplied by the square of the tangential
magnetic field at the conducting wall. The dielectric losses are
proportional to the loss tangent tan δ multiplied by the electric
field energy stored inside the dielectric region [24], [28], [29].

Of all modes in Fig. 2, one can distinguish low-Q and
high-Q modes. Low-Q modes correspond to t ≈ iλd/2 (i =

0, 1, 2, . . . , ) and g ≈ jλ/2 ( j = 0, 1, 2, . . . , ) and include
TE6,n modes supported by the hollow (t = 0) conducting
waveguide [Fig. 3(a)]. High ohmic quality factors are achieved
for t ≈ (2i + 1)λd/4 and g ≈ (2 j + 1)λ/4 due to the Bragg
reflection, which results in reduced magnitude of the tangential
magnetic field at the conducting surface r = Rw [Fig. 3(a)].
As the thickness t ≈ (2i + 1)λd/4 of the dielectric tube
increases with i , the electric field energy stored inside the
dielectric region increases, resulting in a decrease in the ohmic
quality factors of high-Q waveguide modes (Fig. 2). Despite
this fact, in practice, an increase in the dielectric thickness
from t ≈ λd/4 to t ≈ 3λd/4 (or t ≈ 5λd/4) can provide a



Fig. 3. Radial distribution of the axial magnetic field of the cutoff
(a) TE6,5 and (b) TE5,2 modes in the hollow and dielectric-loaded
waveguides. Here, the frequencies and ohmic quality factors of the
TE6,5 and TE5,2 modes of the hollow (dielectric-loaded) waveguide are
526.38 GHz and 10 400 (526.38 GHz and 90 200) and 252.48 GHz and
6050 (269.73 GHz and 8650), respectively.

Fig. 4. Ohmic quality factor of the cutoff TE6,5 mode with the frequency
of 526.38 GHz as a function of the real permittivity εr and loss tangent
tanδ for the dielectric-loaded waveguide with R = 1.988 mm, g =

λ/4, and t ≈ λd/4. Diamond-shaped markers show εr and tanδ for
chemical vapor deposition diamond [26], fused silica [36], sapphire [36],
high-resistivity (HR) silicon [37], and MgO–ZnO–TiO2 (MZT)-based [38]
ceramics at around 0.5 THz.

good tradeoff between performance and manufacturability of
the dielectric-loaded waveguide.

Bragg confinement of the waveguide modes can be
improved by using a multilayered dielectric DBR [27], [28].
Another way of increasing Qohm is to make use of
high-permittivity dielectric materials [29]. Fig. 4 shows the
effect of εr and tan δ on the ohmic quality factor of the
dielectric-loaded waveguide with the gap size g = λ/4 =

142 µm and dielectric thickness t ≈ λd/4, which is adjusted

TABLE I
COLD CHARACTERISTICS OF CONVENTIONAL CAVITY A

to support the cutoff TE6,5 mode with the frequency of
526.38 GHz. It can be seen that, compared to low-permittivity
materials, high-permittivity dielectrics are capable of providing
higher ohmic quality factors of the dielectric-loaded waveg-
uide, despite higher material losses. In the following, we will
use the parameters εr = 10 and tan δ = 5 × 10−5, which are
close to those of the sapphire at the frequency of 0.5 THz [36].
Clearly, in deciding on the appropriate dielectric material for
gyrotron application, additional considerations must be given
to its vacuum, thermal, mechanical, machining, and charging
properties.

The Bragg reflection is a frequency-dependent phe-
nomenon. Therefore, once the dimensional parameters of the
dielectric-loaded waveguide have been optimized to support
the high-Q TE6,5 mode, other waveguide modes do not gain
the same full benefit from the DBR. The dielectric loading
affects the frequencies of these modes, along with ohmic
losses. This effect can be seen from Fig. 3(b) for the TE5,2
mode. In the presence of the DBR, the cutoff frequency and
ohmic quality factor of this mode increase from 252.48 and
6050 to 269.73 GHz and 8650, respectively. At the same time,
the optimized DBR has only a slight effect on the frequency
of the TE6,5 mode and initiates a large increase of Qohm from
10 400 to 90 200. Thus, it furnishes a means for discrimination
of waveguide modes by ohmic losses.

In the following, using a fast simplified approach [10],
[39], [40], normal hybrid modes of the dielectric-loaded
waveguide are used as a basis to calculate cold-cavity
characteristics and to model beam–wave interaction in a
gyrotron cavity with DBR. In this approach, the widely used
self-consistent gyrotron equations for a near-cutoff (quasi-) TE
mode are combined with the mode-matching technique. The
approach considers the conversion of normal modes due to
step discontinuities of the cavity structure. For good numerical
convergence, the number of coupled normal modes is taken
equal to 30.

III. COLD-CAVITY CALCULATIONS

For reference, let us first consider a conventional all-metal
gyrotron cavity referred to as cavity A. The cavity has the wall
conductivity σ = 1.55 × 107 S/m and consists of a uniform
cylindrical resonator joined to input and output sections. The
resonator has the radius R0 = 1.988 mm and the length L =

20 mm. The tapering angles of the input and output sections
are 4◦ and 1◦, respectively. The cold characteristics of cavity
A are listed in Table I and are close to those of the cavity
of the second-harmonic 0.5-THz gyrotron [14]. For the TE6,5
mode supported by this cavity, peak power losses by cavity
heating are about 85%.

Cavity B is formed from cavity A by the replacement of
the uniform cylindrical resonator with DBR resonator of the



Fig. 5. Cold-cavity field profiles of (a) TE6,5 and (b) TE5,2 modes of
cavities A and B.

same length L = 20 mm. The DBR consists of a dielectric
tube with εr = 10, tan δ = 5 × 10−5, and t = 46 µm and a
hollow gap with g = 142 µm (Rw = 2.176 mm). Inside the
resonator, the dielectric tube can be held in place by circular
grooves carved into metal endplates of the input and output
cavity sections, as shown in Fig. 1. Such a holding method
for sapphire tubes has been implemented in the microwave
range and is characterized by a minor penetration of the
electromagnetic field into carved grooves [31].

For simplicity, we first assume zero spacing δR between
the inner radius R of the dielectric tube and the radii R0 =

1.988 mm of the metal endplates of the input and output
cavity sections (Fig. 1). However, it should be emphasized
that, in practice, the requirement δR = 0 can be hard to
fulfill to a high accuracy because of manufacturing errors.
Besides, it is desirable to set the spacing δR much larger than
the skin depth δs in order to prevent field penetration into
the dielectric-loaded circular grooves of the input and output
cavity sections.

Fig. 5(a) shows the cold-cavity field profiles of the TE6,5
mode supported by cavities A and B. It can be seen that the
diffraction losses of cavity B are somewhat lower than those of
cavity A. This is due to increased reflection of the TE6,5 mode
from the junctions between the DBR resonator and all-metal
cavity sections. Since the resonator is not perfectly optimized,
it also initiates a slight change in the cold-cavity frequency of
the TE6,5 mode. It is essential that the nonuniform structure
of cavity B induces a minor conversion of the TE6,5 mode to
spurious normal mode [see amplitudes of spurious modes in
the inset of Fig. 5(a)]. This is generally in contrast with mode

TABLE II
COLD CHARACTERISTICS OF CAVITY B WITH DBR RESONATOR

conversion induced by cavity steps in all-metal cylindrical
cavities [10], [17], [18], [21], [40] and can be explained by
the fact that the DBR reduces the field strength of the TE6,5
mode outside the core region of the gyrotron cavity [Fig. 3(a)].
As a result, the output purity ηp of the TE6,5 mode of cavity B
exceeds 99%. The distinguishing feature of this cavity is low
ohmic loss. Because of this, for the TE6,5 mode of cavity B,
the peak power losses by cavity heating are below 46% but can
be slightly increased up to 47.5% with the increasing length
of the output cavity section. The full list of the cold-cavity
characteristics of this mode is given in Table II.

Except for the ohmic quality factor, the cold-cavity charac-
teristics of the TE6,5 mode are only slightly affected by the
DBR. However, this is not the case for other cavity modes. For
the TE5,2 mode, as an example, this is evident from Fig. 5(b)
and Table II. It can be seen that the DBR profoundly alters
the cold-cavity frequency of the TE5,2 mode. The frequency
change is accompanied by increased reflection of this mode
and its conversion into spurious normal modes at the ends
of the resonator. These phenomena cause an increase in the
diffractive quality factor and a decrease in the output purity of
the TE5,2 mode. Despite the increase in the diffractive quality
factor, the resulting increase in the total quality factor of the
TE5,2 mode due to the DBR is about 2.5 times lower than that
of the TE6,5 mode. This demonstrates the mode selectivity
provided by the DBR.

As can be seen from Fig. 5(b), the field of the TE5,2 mode
penetrates into the input section of cavity B. A straightforward
way to avoid such field penetration is to increase the input
tapering angle. This causes a decrease in the interaction cavity
length and diffractive quality factor of the TE5,2 mode. In this
study, however, such additional discrimination against the
TE5,2 mode will be omitted for the sake of simplicity.

It is well known that manufacturing errors in cavity dimen-
sions can strongly reduce the real benefit from the use
of step-shaped cavities in gyrotrons [5], [10], [21], [40].
Therefore, from the practical standpoint, it is essential to
demonstrate the robustness of the cavity characteristics to
manufacturing errors. Three sorts of dimensional errors of
cavity B have been considered. The first error is the error δRw

in the radius Rw = 2.176 mm + δRw of the metal wall. The
second error is the error δt in the thickness t = 46 µm + δt
of the dielectric tube. The third error is the abovementioned
spacing δR between the inner radius R = 1.988 mm + δR of
the dielectric tube and the radii R0 = 1.988 mm of the metal
endplates of the input and output cavity sections (Fig. 1).

The effect of dimensional errors of cavity B on the
cold-cavity characteristics of the TE6,5 mode is summarized in



Fig. 6. (a) Starting currents of the second-harmonic TE6,5 and first-
harmonic TE5,2 modes and (b) total and output power of the second-
harmonic 0.5-THz gyrotron with cavity A.

Table II. It can be seen that, in all cases of interest, the change
in the total quality factor of the TE6,5 mode is below 2% and
the output mode purity exceeds 99%. The strongest effect is
observed for the error δt = ±2 µm, which leads to a frequency
shift of 0.5 GHz for the TE6,5 mode. Such a frequency shift,
however, is not exceptional and is even lower than that induced
by a 2-µm error in the radius of the conventional cavity A
at the frequency of 526.4 GHz. Therefore, similar dimen-
sional accuracy is required for manufacturing of both cavities
A and B.

IV. BEAM–WAVE INTERACTION MODELING

Our interest is in the performance of a second-harmonic
0.5-THz gyrotron powered by the electron beam with current
Ib = 0.4 A, voltage Vb = 15 kV, radius rb = 0.87 mm, pitch
factor α = 1.2, and Gaussian distribution of the transverse
electron velocities at the cavity input with the standard devi-
ation δv⊥ = 8%. The gyrotron is designed to operate in the
TE6,5 mode and is initially equipped with conventional cavity
A. In this cavity, the first-harmonic TE5,2 mode is the most
dangerous competing mode.

Fig. 6(a) shows the starting currents of the TE6,5 and TE5,2
modes. It can be seen that the first-harmonic TE5,2 mode
presents no serious obstacle to single-mode excitation of
the operating mode. In the single-mode regime of gyrotron
operation, the total power generated by the electron beam
and the interaction efficiency can reach 610 W and 10.2%,
respectively [Fig. 6(b)]. However, most of the generated power
in the all-metal cylindrical cavity is lost by ohmic wall heating.
Because of this, the peak output power and efficiency of the

Fig. 7. (a) Starting currents of the TE6,5 mode in cavities A and Bx.
(b) Output mode purity, total, and output power of the second-harmonic
TE6,5 mode of the 0.5-THz gyrotron with cavity Bx. (c) Starting currents
of the TE5,2 mode of cavities A and Bx versus the resonance mismatch.

second-harmonic 0.5-THz gyrotron equipped with cavity A
drop to 125 W and 2.1%, respectively.

The operating mode has similar field distribution inside
the hollow cores of cavities A and B [Fig. 3(a)]. Therefore,
in cavity B with DBR resonator, the operating mode can be
excited by the same electron beam that has been used in
the conventional cavity 0.5-THz gyrotron. Because of low
ohmic losses in this cavity, its length is not optimal for peak
output power and requires modification. The modified cavity is
designated as cavity Bx and has a reduced length L = 17 mm
of the DBR resonator. In addition, the radii R0 of the metal
endplates of the input and output sections of cavity Bx are set
equal to 1.986 mm (Fig. 1). This involves a formation of the
spacing δR = R − R0 = 2 µm, which far exceeds the skin
depth δs = 0.18 µm of the metal cavity wall.

Fig. 7(a) shows the starting current of the operating TE6,5
mode supported by cavities A and Bx. It can be seen that,



compared to the conventional resonator, the DBR resonator
with shorter length L provides a lower minimum starting
current of the TE6,5 mode. This is because of low total losses
of cavity Bx. However, this benefit of the DBR resonator is
reduced for high-order axial modes, which are characterized
by higher diffractive losses. This is why there is a narrowing
of the frequency bandwidth of the 0.5-THz gyrotron equipped
with the shortened cavity Bx.

Fig. 7(b) shows the variation of the total power, output
power, and output purity of the operating mode supported by
cavity Bx along the operating range of the 0.5-THz gyrotron.
It can be seen that the use of the DBR in the gyrotron cavity
enables nearly twofold increase in the peak total power and
interaction efficiency up to 1185 W and 19.7%, respectively.
The reason is that a decrease in cavity losses leads to increased
strength of the beam–wave interaction [41]. In addition, the
peak power losses by ohmic heating of cavity Bx amount only
to about 34%, including 32% and 2% attributed to losses in
metal and dielectric, respectively. As a result, the operating
TE6,5 mode reaches the output power of 780 W and output
efficiency of 13%, which are more than six times higher than
those of the 0.5-THz gyrotron with conventional cavity A
[Fig. 6(b)]. It is significant that, in the presence of the electron
beam, the degradation of the output mode purity due to the
DBR remains low and is below 2% throughout the entire
frequency tuning range of the 0.5-THz gyrotron.

As discussed above, the DBR radically alters the frequency
spectrum of competing modes supported by the gyrotron
cavity. Therefore, in a practical situation, an additional mode
analysis of the DBR resonator may be needed to replace
the TE6,5 mode with a new operating mode characterized by
larger frequency separation from the competing modes. Such
an analysis remains to be done in further research.

The effect of the DBR on competing modes is considered
by the example of the TE5,2 mode. Fig. 7(c) shows the
starting currents of the first-harmonic TE5,2 mode supported
by cavities A and Bx versus the resonance mismatch 1 =

2β−2
⊥0 (1 − ωc0/ω), where ωc0 and β⊥0 are the initial relativistic

cyclotron frequency and mean transverse velocity divided by
the speed of light in vacuum, respectively. It can be seen that
cavities A and Bx provide a comparable level of the starting
current for the competing mode. Therefore, leaving aside the
frequency change, we can state that the risk of excitation of
the TE5,2 mode in cavities A and Bx is nearly the same.
At the same time, cavity Bx favors excitation of the operating
second-harmonic TE6,5 mode having the minimum starting
current, which is below one-half that of the operating mode
supported by cavity A [Fig. 7(a)]. This provides an argument
in favor of feasibility of the single-mode operation for high-
performance second-harmonic terahertz gyrotrons with high-Q
DBR resonators.

V. CONCLUSION

The DBR formed by a dielectric tube and a hollow layer
has been considered as a means of reducing ohmic losses of
the selected operating mode in a metal cavity of a terahertz
gyrotron. It has been shown that such a reflector optimized to
support the operating mode has a minor effect on its frequency

and field distribution inside the hollow core of the cavity.
Therefore, the same electron beam can be used to excite the
operating mode in both a conventional cavity and the cavity
with DBR resonator. It has been found that the output purity of
the operating mode in the cavity with DBR resonator, which
is joined to the standard input and output sections, exceeds
99% and is robust against dimensional errors. The major effect
produced by errors is a shift in the operating frequency. This
frequency shift has been shown to be close to that induced
by a similar error in the radius of the conventional gyrotron
cavity. Therefore, no exceptional tolerances are required to
manufacture the cavity with DBR resonator for the desired
operating frequency. Unlike the conventional cavity, this cavity
provides low ohmic losses in the operating mode. This is
because the DBR shields the metal cavity wall from the mode
field. The larger the real permittivity and the smaller the loss
tangent of the dielectric tube, the higher the ohmic quality
factor of the operating mode. It has been shown that this can
result in a sixfold increase in the gyrotron output power. Since
the DBR is optimized to support the operating mode at the
desired frequency, its effect on ohmic losses of the competing
modes is reduced. In addition, it has been shown that the DBR
affects the frequencies of the competing modes and leads to the
reflection and conversion of these modes at the resonator ends.
This can cause an increase in the diffractive quality factors of
the competing modes. It has been shown that, despite this
unwanted effect, the gyrotron cavity with DBR resonator can
exhibit improved mode selectivity due to low ohmic losses of
the operating mode.
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