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Abstract—A coaxial metal rod with partial dielectric
coating is considered as a means for efficient suppression
of all volume competing modes in cavities for second-
harmonic gyrotrons operated in whispering gallery modes.
The rod radius is selected small enough to have only a
slight effect on operating mode, which therefore remains
insensitive to fabrication tolerances and a misalignment of
the coaxial insert. By contrast, for the competing modes
such a rod is shown to reduce the effective cavity length
and thereby greatly increases the starting currents. Such a
method of mode selection is demonstrated to be more
versatile, as compared to that provided by a tapered
coaxial conductor. The advantageous use of a dielectric-
coated coaxial insert is illustrated by the example of a
cavity for a 100-kW 300-GHz pulsed gyrotron operated in
the second-harmonic mode.

Index Terms—Gyrotron, cyclotron harmonic,
starting current, mode selection.

cavity,

|. INTRODUCTION

YROTRONS are powerful microwave oscillators, which

have a wide field of applications. Among these
applications is Collective Thomson Scattering (CTS)
diagnostics of high-energy ions in fusion plasmas. In present-
day fusion machines, such diagnostic method is employed
with the help of gyrotrons operated at about 100 GHz [1]-[3].
For these frequencies, however, the propagation of
electromagnetic waves in the fusion plasma is often subjected
to strong refraction and absorption, while the signal detection
is impaired by the background noise from the electron
cyclotron emission. To avoid these adverse effects in plasma
diagnostics, pulsed gyrotrons, which produce more than
100 kW of output power in the frequency range 300-400 GHz,
are needed [4]. Such high-frequency gyrotrons require
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extremely large magnetic fields from superconducting
magnets. Gyrotron operation at the second cyclotron harmonic
makes it possible to relax this requirement. That is why high-
power second-harmonic gyrotrons operated in sub-terahertz
band are particularly attractive for use in CTS diagnostics of
fusion plasmas. This fact has stimulated their development at
the University of Fukui (FIR-UF), where second-harmonic
operation of sub-terahertz gyrotrons has been demonstrated
experimentally [5], [6]. However, in the experiments, the
measured output power was found to be constrained by
competition from first-harmonic (fundamental) modes. The
upper limit of 83 kW was attained for the 390-GHz gyrotron
operated in the whispering gallery (WG) TE;;, mode [6]. This
achievement so far remains the power record of second-
harmonic gyrotrons in sub-terahertz band. Thus mode
competition makes the required power level of 100 kW
inaccessible for sub-terahertz gyrotrons operated at the second
cyclotron harmonic. For this reason, in CTS diagnostics of
fusion plasmas, such gyrotrons are now abandoned in favor of
first-harmonic counterparts. For the oscillation frequency of
about 300 GHz, first-harmonic gyrotrons equipped with 12 T
superconducting magnets are now designed at FIR-UF and can
operate in the WG TE4, and TE,,, modes with an output
power in excess of 200 and 300 kW [7], [8], respectively.
Whispering gallery modes are known to feature field
localization near the cavity walls. Therefore, compared to
volume modes, these modes are less sensitive to conductors
placed near the cavity axis. This fact can be used for mode
selection (see [9] and the references therein). For second-
harmonic gyrotrons such mode selection can be realized by
tapered coaxial rods with longitudinal impedance corrugations
[10], resistive rods [10], [11], and stepped inner conductors
[12]. Thus the use of a coaxial insert may remove the
constraint on power increase for second-harmonic gyrotrons
operated at WG modes and thereby can provide the missing
link for their application in CTS diagnostics of fusion plasmas.
It should be noted, however, that none of the available
methods of mode selection in coaxial cavities, with the
exception of that provided by resistive rods, may ensure
efficient suppression of all volume competing modes in a
second-harmonic gyrotron, i.e. modes having smaller caustic
radii than that of an operating mode. In short, this is because
the eigenvalues of competing modes of a coaxial gyrotron
cavity are different functions of the outer-to-inner radius ratio.
Thus, even with these methods, the design of coaxial-cavity
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second-harmonic gyrotrons for CTS can be quite challenging.
To facilitate such a design, in this paper we propose a novel
concept based on equipping the gyrotron cavity with a uniform
inner rod, which is partially coated by a thin dielectric layer.
The beneficial property of such a rod is its ability to provide
essentially the same eigenvalue variation along the cavity axis
for all volume modes. Owing to this property, it may be
particularly useful for improvement of the mode selection in
gyrotron cavities of second-harmonic gyrotrons.

The paper is organized as follows. In Section II, the use of a
tapered metal coaxial rod is investigated with the aim to
suppress the competing modes in a cavity of a second-
harmonic gyrotron. Some advantages and disadvantages of
mode selection in coaxial cavities are shown and discussed. In
Section III, as a step towards further improvement of mode
selection in gyrotron cavities, the use of a uniform coaxial rod
with partial dielectric coating is proposed and investigated.
Such a use of a dielectric-coated insert is illustrated by an
example of a cavity for a 100-kW 300-GHz gyrotron operated
in a second-harmonic WG mode. In the last section, the results
of the investigation are summarized and discussed.

II. CONVENTIONAL CYLINDRICAL AND COAXIAL CAVITIES

The aim of our theoretical investigation is to design a
cavity, which ensures single-mode operation for a pulsed
second-harmonic gyrotron with an oscillation frequency of
about 300 GHz and a peak output power in excess of 100 kW.
As far as mode competition is concerned, it is safe to say that
single-mode gyrotron operation is feasible if the starting
currents of all competing modes exceed the operating beam
current in a relatively wide range of the beam parameters.

Assume that a 300-GHz gyrotron is originally equipped
with cylindrical cavity A and has typical beam parameters [7],
[8]: the beam voltage V, =60 kV, the beam current /, =10

A, and the pitch factor o =1.2. In deciding on an operating
mode, we are guided by the simple rule, which implies that the
operating mode should not be subjected to strong competition
from the TE,,, modes having comparable or larger caustic
radii. R, =R|m|/n,, , where R is the cavity radius, u

‘mn

satisfies the equation J, (x,,)=0,and J, (-) is the m -order

Bessel function. On this basis, we select the TE;;, mode and
R=0.32 cm. The other parameters of conventional three-
section cavity A are as follows: the input and output taper
angles are both equal to 3°, the lengths of the input, central
(main) and output sections are L =1cm, L,=1.3 cm,

L, =1 cm, respectively. The cavity is assumed to be made of

copper with a conductivity 2.9x10” S/m [8]. The beam radius
is set to 0.2 cm in order to maximize the beam coupling with
the operating TE,;, mode.

In simulations, we use self-consistent single-mode code
KIPT [13], [14] benchmarked recently (see [12]) against
single-mode results of the European code-package EURIDICE
[15], [16]. The code KIPT relies on well-known simplified
gyrotron equations [17], [18] extended to account for self-
consistent effect of ohmic losses in a metal gyrotron cavity on

a beam-wave interaction efficiency (see equations (3) in [13]).
In this code, the starting current of a cavity mode is
approximated by the beam current, which satisfies the self-
consistent gyrotron equations for very small mode amplitude.
In the following, it is assumed that the velocity spread of the
beam electrons has a slight effect on the beam-wave
interaction in a gyrotron cavity. This assumption is known to
be good for low-order axial modes [18].

For the cylindrical cavity A the starting currents of the
competing modes versus the operating magnetic field B, are

shown in Fig. 1. As this figure indicates, the mode spectrum is
relatively dense for the 300-GHz second-harmonic gyrotron
operated in the TE;;, mode. It is seen from Fig. 1b that none
of the second-harmonic modes can be in fact considered as a
serious competitor of the operating TE;3;, mode, which is the
only second-harmonic mode capable of oscillating at the
operating beam current /, =10 A in the vicinity of

B, =5.82T. Competition from second-harmonic modes is

possible beyond this vicinity and therefore can make itself
evident with frequency tuning. It should be stressed that the
competing WG TEg,, TE,, and TE4, modes are beyond the
operating region of the 300-GHz second-harmonic gyrotron
(see Fig. 1), as desired.

The most dangerous competing modes are the first-
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Fig. 1. Starting currents of the operating TE43, mode and (a) first- and
(b) second-harmonic competing modes of the 300-GHz second-
harmonic gyrotron with cylindrical cavity A.
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harmonic volume modes, as indicated in Fig. la. Special
attention must be paid to the TE,; mode. The starting current
of this mode is close to that of the operating mode. Moreover,
in the operating range of the 300-GHz second-harmonic
gyrotron, the TE,; mode, as opposed to the first-harmonic
TE,, mode, can oscillate at low-order axial resonances.
Therefore, it is not expected that this mode, once excited, will
suffer from the velocity spread of the beam electrons. This
suggests a strong competition between the operating
whispering gallery TE,;, mode and the competing volume
TE, ; mode.

The volume competing modes can be disturbed by a coaxial
conductor inserted into the gyrotron cavity. The effect of a
coaxial copper rod of radius R on the cutoff frequencies

(eigenvalues y, ) of the waveguide with radius R =0.32 cm

is shown in Fig. 2. It is seen that the operating TE,;, mode is
almost insensitive to the inner conductor, provided that the
outer-to-inner radius ratio C = R/R, is greater than 2.2. In this

case, the fabrication imperfections of the coaxial insert have
little or no effect on the operating mode. For this reason we
adopt the condition C =2.2 as an upper limit on the insert
radius R, suitable for mode selection in the coaxial-cavity

gyrotron operated in the second-harmonic TE;; , mode.

There are three major factors, which may assist in such
mode selection. First, the coaxial insert affects the eigenvalue
spectrum and therefore can be applied to shift the frequencies
of dangerous competing modes beyond the operating region of
the gyrotron. This can be done, for instance, for the most
dangerous competing TE,; mode of the 300-GHz second-
harmonic gyrotron, provided that C <2.6 (see Fig. 2a). On
the other hand, the coaxial inner conductor can reduce the
frequency separation between the operating mode and some
competing modes, thereby making mode selection in the
gyrotron cavity more complicated. Moreover, the coaxial
insert may give rise to new competitors in the vicinity of the
operating frequency. As is seen from Fig. 2, for the 300-GHz
second-harmonic gyrotron such competitors are the first-
harmonic TE, ;5 mode and the second-harmonic TE, s and TE, 5
modes. Despite these shortcomings, the use of a coaxial insert
may enable one to rarify the spectrum of the cavity modes in
some cases [9].

Second, the TE,,, modes of a coaxial cavity have different
dependence of the eigenvalue y,, on the radius ratio

C=R/R . Therefore, the diffraction losses of these modes

can be differently affected by a variation of C along the
cavity axis (z-axis) and are identical to those in cylindrical
cavities with equivalent radii R, =R,/ %,,(C). Assume

that C and y,, vary continuously with z. If y  is a
decreasing function of z, then the equivalent radius R, (z)

corresponds to an up-tapered gyrotron cavity. In this case, the
diffraction losses of the TE,,, mode increase with increasing
gradient of y,,(C) . In the opposite case, R, (z) presents the

radius-profile of a down-tapered cylindrical cavity, which
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Fig. 2. Cutoff frequencies versus radius ratio C =R/R, for the (a) first-

and (b) second-harmonic modes of a coaxial waveguide with outer
radius R=0.32 cm.

features lower diffraction losses in comparison with those of a
uniform cavity. From the above discussion (see also [19]), it
seems reasonable to equip the cavity A with up-tapered inner
conductor, which is characterized by the variation of C from
2.6 (R =0.123 cm) to 2.2 (R, =0.145 cm) along the central

cavity section (see Fig. 2). The resulting coaxial cavity will be
called cavity B. It is expected that, in this cavity, the
diffraction losses and starting currents of dangerous competing
modes (e.g. TEs, and TE,(; modes) will increase as compared
to those in the cylindrical cavity A.

Third, the coaxial inner conductor contributes to the ohmic
losses in the gyrotron cavity. This contribution increases with
R, and is larger for modes with lower caustic radii. Therefore,

in coaxial cavities, the suppression of competing modes by
ohmic losses is possible. To be efficient, such mode
suppression, however, requires conductivity of the inner
conductor to be sufficiently low [10], [11], [19]. In this case,
special care must be taken in selecting proper material and
adequate cooling of the coaxial insert in order to mitigate the
risk of high thermal loading (especially when designing high-
power gyrotrons). Therefore, in the following, for cavity B we
consider a good-conducting insert, which is made of copper
with assumed conductivity of 2.9x107 S/m. In this case, cavity
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ohmic losses do not play a key role in mode selection,
especially for high-order axial modes characterized by high
diffraction losses [14].

Fig. 3 shows starting currents of the operating and
competing modes of the 300-GHz second-harmonic gyrotron
with coaxial cavity B. In this cavity, all second-harmonic
volume modes are selectively suppressed by the inner
conductor (Fig. 3b). In order to explain this fact let us first
look at the TEo; mode of the coaxial cavity B. For this mode
the eigenvalue y, = decreases along the cavity axis (Fig. 2b)

mn

and thus R, (z) describes an up-tapered equivalent cylindrical

cavity (Fig. 4). That is why coaxial insert leads to a rise in the
diffraction losses and starting current of the TE;o; mode.
Another situation takes place with the TE;, mode of the
coaxial cavity B. For this mode the eigenvalue y,, increases

with z and radius-profile R, (z) corresponds to a down-

tapered equivalent cylindrical cavity (Fig. 4). In this cavity,
the TE;4 mode exhibits low diffraction losses. Generally, the
lower are the diffraction losses, the lower is the starting
current. At the same time, cavity down-tapering reduces the
effective cavity length and thereby tends to increase the
starting current. This effect becomes dominant in down-
tapered cavities characterized by low power of outgoing
radiation. Such is the case for low-order axial resonances of
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Fig. 3. The same as in Fig. 1, but for coaxial cavity B with uptapered
inner conductor.
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modes of coaxial cavities B and C (z, =1.54 cm). In cylindrical cavity
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the TE; 4 mode. For these resonances, the mode attenuation is
mainly determined by the ohmic losses inherent in the metal
cavity surface.

The above-described influence of the tapered coaxial insert
on the starting current refers to all first- and second-harmonic
competing modes of the cavity B and generally improves
mode selection in the 300-GHz second-harmonic gyrotron.
Despite this improvement, however, such mode selection is
not always adequate to completely avoid mode competition.
For the coaxial cavity B, examples are provided by the first-
harmonic competing TE,; and TE,, modes. As is seen from
Fig. 3a, these modes show themselves as dangerous
competitors, which are capable of rendering operation of the
300-GHz second-harmonic gyrotron impossible.

Thus, stable single-mode operation of the 100-kW 300-GHz
second-harmonic gyrotron calls for a better choice of the
operating mode or the use of an alternative structure of the
gyrotron cavity. One of such alternatives is a coaxial cavity
with corrugated insert incorporating subwavelength-sized
longitudinal corrugations. Such corrugations are known as
impedance corrugations and can be described by the surface
impedance model (SIM) [10], [20]. It is common knowledge
that, in a coaxial gyrotron cavity, a down-tapered rod equipped
with impedance corrugations provides monotonic eigenvalue
curves with negative slope for all volume first-harmonic
modes having the wavelength A within the range
h/A=0.2+0.3, where & is the corrugation depth [10], [20],

and thus it leads to suppression of the first-harmonic
competitors [10]. However, in this case, second-harmonic
modes, which are subject to the condition A/A=0.4+0.6,

feature non-monotonic eigenvalue curves [10], [20].
Therefore, under this condition, longitudinally corrugated
insert may facilitate oscillation of several second-harmonic
competing modes, thereby making them more dangerous
competitors. Moreover, the subwavelength condition p << A

of SIM validity is difficult to satisfy for corrugations with
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h/L=0.4+0.6, provided that the depth A does not exceed
the corrugation period p. Otherwise, to take advantage of

impedance corrugations, one would have to use a tapered
inner conductor with deep narrow slits, which are difficult to
fabricate. With the above-described difficulties in mind, in the
following we restrict our consideration to coaxial cavities with
smooth (non-corrugated) inserts.

For mode selection in such cavities it is sometimes
advantageous to use coaxial rods with stepped variation of the
inner radius [12]. The reason lies in the flexibility of such a
design solution, which can be applied to discriminate against
competing modes having non-monotonic eigenvalue curves in
the required range of C (see, for example, the eigenvalue of
the TE; s mode in Fig. 5 of [12]). However, even this design
does not suffice to suppress all volume competing modes (see,
for example, the TE;, mode of [12]). In the next section, we
propose an alternative structure of a coaxial cavity, which is
free from this shortcoming.

I1l.  COAXIAL CAVITY WITH DIELECTRIC-COATED INSERT

It is proposed to equip cavity A with a uniform copper rod
partially coated by dielectric. The dielectric coating is in the
form of a low-loss (tand <0.0005) PTFE tube with the
relative permittivity £ =2 . Such tubes of various dimensions
are now commercially available and can operate at
temperatures up to about 260°C (see, for example, [21]). The
PTFE coating is considered to have a thickness d of 0.02 cm.

Fig. 5 shows the cutoff frequencies of a coaxial waveguide
with outer radius R =0.32 cm and radius ratio C for d =0
(see also Fig. 2) and d =0.02 cm. It can be seen that the
dielectric coating of the inner rod reduces the cutoff
frequencies. Therefore, the coating must be selected relatively
thin to avoid occurrence of additional higher-order modes in
the vicinity of the operating frequency. Since dielectric
coating reduces the eigenvalue y,,,, the equivalent radius R,

increases with d for any m and n. For this reason, a partial
dielectric coating of the inner conductor results in essentially
the same form of radius profile R, (z) for all volume modes
of a coaxial gyrotron cavity. This property is described in
more detail below and distinguishes a dielectric-coated insert
from an uncoated tapered rod, which can lead to either
increasing or decreasing function R, (z), depending on
azimuthal and radial mode indices (see results for cavity B in
Fig. 4).

To achieve improved mode selection, we equip the
cylindrical cavity A with a uniform copper rod of radius
R =0.123 cm (C =2.6). The rod consists of two parts. The
input part is uncoated (d =0) and extends from the cavity
input to the coordinate z,. The remainder of the rod is coated
by the PTFE layer with the thickness d =0.02 cm and is
responsible for increased values of R, at z>z, for all
volume modes. The resulting coaxial cavity will be called
cavity C. For any volume TE, , mode of the cavity C, the
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Fig. 5. Cutoff frequencies versus radius ratio C = R/R, for the (a) first-
and (b) second-harmonic modes of a coaxial waveguide with outer
radius R=0.32 cm and either uncoated (d =0) or dielectric-coated
(e=2, d=0.02 cm) copper rod. In the case of 4=0.02 cm, TE
modes are marked by the letter “d”.

has a

radius profile

R, (2)=R(2) 1y, ] %, (2)
discontinuity at z, and resembles the profile of a complex

jump

gyrotron cavity (see results for cavity C in Fig. 4). It is well-
known that in a complex cavity, any competing mode is
reflected from the wall discontinuity [22]-[24]. This gives rise
to two modes, which are mostly localized inside the left and
right parts of the cavity volume. In cavity C, such modes are
excited by the electron beam near the cutoff frequencies
shown in Figs. 2 and 5 for d=0 and d=0.02 cm,
respectively. When compared to the modes of the original
cavity A, these modes have smaller regions of the field
localization and therefore exhibit higher starting currents. In
the following, we set the coordinate z, equal to 1.54 cm in

order to suppress all volume competing modes localized in
both the left and right parts of the cavity C.

To investigate the operation of the 300-GHz second-
harmonic gyrotron with the cavity C, the code KIPT has been
extended to take into account the effect of dielectric coating
on mode eigenvalues and mode coupling with the electron
beam. In the vicinity of the cutoff frequencies, the cavity
modes of interest are (quasi-) TE modes [25]. Their
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eigenvalues and beam-wave coupling coefficients can be
found from rigorous consideration [26], [27]. At the same
time, for a small dielectric thickness d , when the field inside
a dielectric layer has a small contribution to the power flow
along the cavity, an approximation can be used. In this
approximation, the dielectric-coated metal surface can be
treated as an impedance surface [27]. In such case, the
theoretical description of beam-wave interaction in a
dielectric-loaded cavity takes the same form as for a cavity

with impedance surface [13], e.g. imperfectly conducting
surface [13] or corrugated surface [28], [29].

Fig. 6 shows starting currents of the operating and
competing modes of the 300-GHz second-harmonic gyrotron
with coaxial cavity C. It is seen that, in this cavity, all volume
competing modes are selectively suppressed by the dielectric-
coated inner conductor. As a result, one can expect stable
single-mode operation of the 300-GHz second-harmonic
gyrotron in a relatively wide range of magnetic fields from
5.78 to 6.08 T. In this range, the operating second-harmonic
TE 3, mode is the only oscillating mode. Therefore, there are
no obstacles for this mode to oscillate stably. For By =5.57 T

the operating mode attains a peak output power of 116 kW
(Fig. 7), which meets the design goal. This demonstrates that
the improved mode selection in a coaxial cavity with
dielectric-coated insert allows sub-terahertz second-harmonic
gyrotrons to achieve the high performance required for CTS
diagnostics of fusion plasmas.

I\VV. CONCLUSION

In the sub-terahertz to terahertz frequency band, the
development of electromagnetic applications continuously
generates a need for high-power oscillators operated at higher
and higher frequencies. Second-harmonic gyrotrons with
medium-field magnets are naturally suited to these
applications. Their wide use in practice, however, is mainly
hindered by the competition from the first-harmonic modes.
For this reason, the feasibility of second-harmonic gyrotrons
often requires highly efficient methods of mode selection.

It has been shown that the required mode selection in a
gyrotron cavity can be achieved with uniform copper rod
partially coated by dielectric. The dielectric coating of the
coaxial insert has no effect on the operating mode, but
introduces reflection of the competing modes. As a result,
these competing modes exhibit reduced length of the field
localization and increased diffraction losses in the gyrotron
cavity. It has been demonstrated that such effect of a
dielectric-coated coaxial insert tends to increase the starting
currents of all competing modes having smaller caustic radii
than that of the operating mode. This property distinguishes
the proposed approach from the well-known method of mode
selection by tapered coaxial rods, which can have a dissimilar
effect on the competing modes and therefore can be
sometimes inadequate to avoid mode competition in second-
harmonic gyrotrons. The dielectric coating has been
considered by the example of commercially available thin-
wall PTFE tube. Such a coating is used as an illustration and
could be an inappropriate choice for gyrotron, in view of the
vacuum, thermal, mechanical or charging properties of PTFE.
Other dielectric materials (e.g. quartz or diamond), which find
use in terahertz dielectric-loaded RF structures of high-
gradient wakefield accelerators [30]-[32], can be more suitable
for use in cavities of sub-terahertz gyrotrons. The technical
feasibility of such gyrotron cavities is beyond the scope of this
paper and calls for further investigation.
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