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Abstract

Using a simplified approach, a self-consistent modeling of beam-wave interaction in a complex cavity is performed to
evaluate the performance of the complex-cavity second-harmonic 0.4-THz gyrotron developed at the University of Fukui.
For this gyrotron, the quantitative analysis of an adverse effect of small manufacturing errors of the complex cavity on
mode selection, output power and output mode purity is done. To improve the robustness of gyrotron operation to
manufacturing errors, a novel complex cavity formed by coupled smooth-walled and corrugated cylindrical resonators is
considered. The novel cavity is a hybrid between conventional cylindrical and standard complex cavities, and therefore
offers the benefit of a tradeoff between engineering tolerance and mode selection.
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1. Introduction

Second-harmonic gyrotrons show a capacity for producing high-power continuous-wave radiation up to 1 THz
frequency with currently available superconducting magnets [1], and thus can open up new possibilities in various
scientific and technological areas today [2].

In second-harmonic gyrotrons, the first major problem facing the designer is the mode competition [3-6], which is
posed by the first-harmonic modes of conventional cylindrical cavities. A traditional method to avoid mode competition is
to reduce the cavity radius, thereby increasing frequency separation between operating and competing modes. This method
has three main shortcomings. First, modern manufacturing technology has a lower limit on cavity diameter of about few
millimeters for reasonable dimensional tolerance [7-12]. Second, the smaller is the cavity radius, the higher is the
sensitivity of gyrotron operation to manufacturing errors and cavity alignment. Third, miniaturization of a metal cavity
enlarges Ohmic losses, resulting in increased thermal loading of the cavity wall and degradation of gyrotron efficiency [6,
12, 14]. These shortcomings become more and more critical with increasing gyrotron frequency. Thus, in the terahertz
frequency band, the potentialities of the traditional method of mode selection in second-harmonic gyrotrons will eventually
be exhausted.

Improved mode selection can be achieved in complex-shaped cylindrical cavities [15-18] and coaxial cavities [19-23],
which are designed to selectively discriminate against the first-harmonic competing modes. Among the complex-shaped
cavities the best known is the complex cavity [24]. Its potential advantage is the ability to efficiently suppress all competing
modes, regardless of their axial wavenumbers, caustic radii and other characteristics. The complex cavity consists of two
jointed cylindrical resonators, which are specially sized to provide coupling between two selected TE modes forming an
operating mode with high diffractive quality factor. Unlike the operating mode, competing modes undergo reflection from
the junction between the two resonators. Because of this, the length of beam interaction with competing modes decreases
and their diffraction losses increase. In theory, this causes the beneficial effect of selective increase in starting currents of
all competing modes.

Complex-cavity gyrotrons have been the subject of intensive theoretical [25-29] and experimental [30-35]
investigations in 1980s. The emphasis has been placed on the first-harmonic gyrotrons for thermonuclear fusion
applications. Despite some progress, it soon became apparent that the disadvantages of complex cavities outweigh the
advantages. These disadvantages include high sensitivity to manufacturing errors and reduced output mode purity [36].
That is why the above-mentioned studies have culminated in the abandonment of complex cavities for fusion-relevant first-
harmonic gyrotrons in favor of conventional cylindrical cavities.

There are several reasons explaining a rebirth of interest in complex-cavity gyrotrons. First, current technological
advances enable precise cavity manufacturing to tolerances of about 1 um. Second, the mode-selection capabilities of
complex cavities look very attractive for use in high-harmonic gyrotrons. Third, for some applications, high mode purity of
outgoing radiation is of no critical importance.

A frequency-tunable second-harmonic 0.4-THz gyrotron with complex cavity has been recently developed at the
Research Center for Development of Far-Infrared Region, University of Fukui (FIR-UF) [37]. However, despite a precise
cavity manufacturing, no excitation of the operating second-harmonic mode was experimentally observed because of
severe mode competition with first-harmonic modes [38]. The possible reason is the remaining small errors in cavity
dimensions. As indicated in [39, 40], such errors prevent the formation of the high-Q operating mode of the second-
harmonic 0.4-THz gyrotron of FIR-UF and lead to increased starting current of this mode. Theoretical investigations of [39,
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40], however, were done in the fixed-field approximation and therefore can give only qualitative insight into factors
affecting mode selection in a complex gyrotron cavity. The quantitative analysis of performance of the frequency-tunable
second-harmonic 0.4-THz gyrotron requires self-consistent modeling of beam-wave interaction in the complex cavity. The
first aim of this study is to perform such an analysis.

The second aim is to consider a novel complex cavity, which is designed to provide efficient suppression of competing
modes, together with improved robustness against manufacturing errors. The novel cavity consists of jointed smooth-
walled and corrugated cylindrical resonators of the same radius. The depth and number of periodic longitudinal
corrugations have to be properly chosen to ensure the strongest coupling of two selected radial TE modes supported by the
jointed resonators and to avoid coupling of these modes with spurious azimuthal modes. Clearly, as the width of
corrugations vanishes, the novel complex cavity turns into the conventional cylindrical cavity. The known benefits of the
cylindrical cavity are high interaction strength, high purity of outgoing radiation and low sensitivity to manufacturing
errors. As the width of the wall corrugations approaches the period, the novel complex cavity acts as standard complex
cavity, which is superior to a cylindrical cavity in mode selection. Thus, in the novel cavity, a tradeoff between properties
of conventional cylindrical and standard complex cavities can be reached.

2. Theoretical approach
Consider an interaction between a helical electron beam and a mode of a complex metal cavity with a single cavity
step, which is a junction between two uniaxial cavity sections of different transverse cross-section. The cavity mode has the

angular frequency @ . In coordinates {ri,z}, the transverse field of this mode can be expanded in terms of orthogonal
normal (waveguide) modes as [25-28, 40]

E = Z V,(2)e,,(r)
H, = Zln (2h,,(r)

where V (z) and [, (z) are the amplitudes of the transverse electric e, (r,) and transverse magnetic h , (r,) fields of the
n -th normal mode, and the field factor of the form exp(—iwt) is assumed and omitted in the following. Note that the

normal modes of a hollow metal waveguide with finite wall conductivity are (quasi-) TE and (quasi-) TM modes.

To investigate coupling of normal modes in a hollow complex cavity we follow a simplified approach [27] and adapt it
to normal modes of an impedance (imperfectly conducting) cavity [14, 41]. This approach is based on the following
assumptions:

- Among normal modes of the cavity, only a near-cutoff TE mode interacts with an electron beam. This is due to the
fact that far-from-cutoff modes are out of resonance with the electron beam. Moreover, below-cutoff modes are evanescent
modes, while propagating far-from-cutoff modes have weak coupling with the electron beam, provided that the beam is
positioned close to the caustic radius of the near-cutoff TE mode. Before and after the cavity step, this near-cutoff mode
can feature different radial indices n and is governed by widely used system of differential equations [14, 27, 42, 43],
which are known as gyrotron equations. Note that these equations can be applied to various types of cavities, including
dielectric-loaded [22, 44, 45] and corrugated cavities [46].

- Mode conversion in weakly tapered sections of the cavity is negligible. This assumption is known to be justified [47-
50]. Besides, the tapering angles of the sections are assumed to be small enough to have only a minor effect on spurious
far-from-cutoff modes. Under this assumption, these modes leak out of the input and output cavity ends without reflection
from tapered sections of the cavity.

- Mode conversion takes place at the cavity step. In this plane, the amplitudes of near-cutoff TE mode and far-from-
cutoff modes are found by the mode-matching technique [27, 28, 45, 51-54].

Thus, in brief, we combine the single-mode gyrotron equations with the mode-matching technique. This approach
provides clear insight into the effect of mode conversion induced by the cavity step on gyrotron performance and is rather
fast, even though hundreds of coupled normal modes are taken into account. It can be used for numerous simulations
required for cavity design and optimization studies.

It should be noted that, in principle, one can use the same basic idea to develop a more rigorous treatment, in which the
mode-matching technique is combined with the generalized telegrapher's equations [55-57]. Such a treatment is free from
above assumptions. At the same time, it is associated with time-consuming computations and therefore is best suited for use
as a checking tool. The development of such a tool is now under way for further research.

3. Conventional cylindrical cavity

Our interest is in the performance of a second-harmonic 0.4-THz gyrotron powered by the electron beam with current
1, =03 A, voltage V, =15 kV, radius 7, =0.916 mm, and pitch factor o =1.5. As a benchmark, we first consider the
gyrotron operated in the TEg 4, mode of a conventional cylindrical cavity (Fig. 1a), which is made from copper. The realistic
RF conductivity of copper is assumed to be 2.9x10’ S/m. The cavity has the radius R =2.588 mm and length
L =35 mm, and is connected to input and output sections with tapering angles 6, =2° and 8, =3°, respectively. The
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Fig. 1 Design of (a) conventional cavity, (b) standard complex cavity [37, 38], and (c) novel complex cavity, where
R=R =2.588 mm, R, =2.9974 mm, L=L +L,, L, =L, =175 mm, d =0.3833 mm, 4, =2°,and &, =3°

cold diffractive O, and ohmic Q,

simplicity, a spread in velocity, energy and injection radius of beam electrons is neglected.
Fig. 2a shows the output power of the second-harmonic 0.4-THz gyrotron in the single-mode regime as a function of
the operating magnetic field B, . It is seen that the conventional-cavity gyrotron can theoretically produce radiation in a

quality factors of the TEs,;, mode are 193910/ g® and 14870, respectively. For

hm

wide frequency band with output power ranging from ten to hundred of watts. Noteworthy are high ohmic losses in the
long cylindrical cavity, which explain a trend toward a decrease of the output power with decrease in both the magnetic
field B, and axial index g of the TEg,, mode.

At the same time, it is highly unlikely that the operating second-harmonic mode could actually be excited by the
electron beam in the conventional cavity. The reason is the mode competition. The most dangerous competing mode is the
first-harmonic TEs, mode. As can be seen from Fig. 2b, the starting current of the TEs, mode lies well below the operating
beam current and is generally lower than that of the operating mode. In such a situation, the first-harmonic competing mode
presents a barrier to operation of the second-harmonic 0.4-THz gyrotron [5, 6].

4. Complex cavity

To overcome this barrier a standard complex cavity can be used in the second-harmonic 0.4-THz gyrotron. The
complex cavity has a structure shown in Fig. 1b and is identical to that of the second-harmonic 0.4-THz gyrotron designed
at FIR-UF for operation in the TEg4-TEgs mode pair [37, 38]. For brevity, this mode pair will be referred to as the
"operating mode". The copper cavity consists of two jointed cylindrical resonators of the same length L, =L, =17.5 mm.

The radii R, =2.588 mm and R, =2.9974 mm of the first and second resonators are adjusted to provide the strongest
coupling of the TEg4 and TEgs modes. For these radii, the fitting condition s, /R = s s/R, is fulfilled to a high
accuracy, where g, and g are the eigenvalues of the TEg4 and TEg s modes, respectively.

Cold-cavity calculations provide an easy way to gain a useful insight into main features of a gyrotron cavity. For this
reason, the simplified approach has been adapted to calculate the cold frequency f,, diffractive O, , ohmic O, and total

c hm

Q,, quality factors of the complex cavity. For the operating mode with lowest diffractive losses, it yields
f.=391.46 GHz, Q, =41050, Q,, =16300 and O, =11670. Since f, and Q, show a decrease with decreasing

wall conductivity, the calculated cold characteristics of the complex cavity are found to be in good agreement with
published data of [39, 40, 58].

Manufacturing errors of the complex cavity violate the fitting condition and reduce the coupling of the TEg 4 and TEq 5
modes. For simplicity, we consider a nonzero error J, in radius R, of the second resonator. This error affects the
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Fig. 2 (a) Output power of the operating TEg4 mode and (b) starting currents of the operating and competing TEs, modes
of the conventional-cavity second-harmonic 0.4-THz gyrotron versus applied magnetic field



frequency and quality factor of the operating mode [39, 40], together with output mode purity 7, and effective cavity
length (interaction length)

L, = 2j dz|V, (2]

where |I74,5(z)| is the normalized amplitude of the TEg4-TEg s mode pair with unit peak value, z, and z,, are coordinates
of the input and output cavity ends, respectively.

As Fig. 3 suggests, the error J, causes a drop in the quality factor (see also the blue curve in Fig. 5b of [39]) and
interaction length of the cavity. Because of this, for the operating mode, one can expect an increase of the starting current,
which is inversely proportional to thLiﬂ. [13, 59]. In addition, the error &, lowers the output mode purity 7, , resulting in
reduced content of the outgoing TEg s mode in output radiation. The strong effect of &, on the operating mode can also be
seen in Fig. 4a-4c and Table 1. Note that this effect is reduced by a decrease in diffractive quality factor of the complex
cavity and therefore is smaller for higher-order axial resonances of the operating mode [39].

Contrary to the operating mode, the competing TEs, mode is nearly insensitive to the error J,. This is because the
TEs, mode is supported by the first resonator of the complex cavity (see Fig. 4d) and therefore is only slightly affected by
the radius R, . The only possible effect of the manufacturing errors on this mode is a frequency shift, which can be induced
by the change in radius R, of the first resonator. Thus, cold-cavity calculations give a clear indication of reduced benefit of

the complex cavity for the second-harmonic 0.4-THz gyrotron due to small manufacturing errors. However, to draw
quantitative inferences about this benefit, modeling of the beam-wave interaction in the complex cavity is required.
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Fig. 4 Cold field profiles of the operating mode for (a) &, =0, (b) J, =+1 um, and (¢) S, =—1 um, and (d) of the
competing mode for 6, =0 inside complex cavity. Cold characteristics of these modes are listed in Table I



Table I
Cold characteristics of modes shown in Fig. 4

Case f;(GHZ) Qdif Qohm Qtot Le/f (mm) s (%)
(a) 391.460 41050 16300 11670 36.4 85.9
(b) 391.451 18830 15320 8450 20.5 8.0
(c) 391.586 10380 18260 6620 20.8 38.7
(d) 194.089 11282 9560 5180 20.0 84.0

Fig. 5a shows starting currents of the operating mode and competing first-harmonic TEs, mode of the second-
harmonic 0.4-THz gyrotron with nominal complex cavity (9, =0). It is seen that the starting current of the operating mode
of the complex cavity varies sharply with applied magnetic field B, and features reduced number of local minima, which

correspond to even axial resonances of the operating mode. The cavity step initiates an increase in starting currents of both
the operating and competing modes. It is seen from Figs. 2b and 5a that this increase is larger for the competing TE:s,
mode. Thus, as expected, the complex cavity is superior to the cylindrical cavity in mode selection for the second-harmonic
0.4-THz gyrotron.

At the same time, mode selection in the complex cavity is adversely affected by manufacturing errors. For 0, =+1 pm

[38], this is also seen in Fig. 5a. As expected, an error J, generally enlarges the starting current of the operating mode. A
larger increase is observed for starting currents of lower axial modes. Despite this, the error 0, =+1 pm on its own does

not completely rule out the excitation of the operating second-harmonic mode of the complex-cavity 0.4-THz gyrotron. As
is seen from Fig. 5a, the possible excitation zone is located close to B, =7.21 T. This is inconsistent with experimental
observations in [38]. Considering no additional factors, no experimental evidence of the operating mode of the second-
harmonic 0.4-THz gyrotron can be explained by larger manufacturing errors. For B, =7.21 T, the influence of J, on the
starting current of the operating mode is shown in Fig. 5b. It is seen that generation of the operating mode is forbidden for
1, =0.3 A and error 0, larger than +3 pm.

Additional calculations have been done to evaluate the output power of the second-harmonic 0.4-THz gyrotron with

complex cavity. The calculated data are shown in Fig. 6a. It is interesting, but not surprising [13], that the complex-cavity
gyrotron can outperform the conventional-cavity counterpart in peak output power. This is because of lower ohmic losses
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in the complex cavity, which is characterized by the reduced diffractive quality factor. However, as is seen from Fig. 6a,
the peak output power of the second-harmonic 0.4-THz gyrotron is drastically reduced by an increasing manufacturing
error §, of the complex cavity.

It is significant that the output mode purity of the complex-cavity 0.4-THz gyrotron is strongly dependent on the
operating magnetic field. For the outgoing TEg 5 mode, this leads to sharp power variation along the frequency tuning band
(Fig. 6b). The mode purity reaches 99% for high-order axial resonances of the operating mode and can drop below 1% for
transient states between resonances, even if the assumed error J, is set to zero. A rapid variation of the output mode purity
with operating frequency makes the design of an output mode converter for the frequency-tunable complex-cavity gyrotron
very challenging. Here, it should be mentioned that an intermediate slot (stub) between the two coupled resonators of a
complex cavity can reduce conversion of the operating mode to spurious normal modes and thus furnishes a way of
improving the output mode purity [58]. However, its effect on the performance of the complex-cavity gyrotron is beyond
the scope of this study and call for further investigation, which requires modification of the above-described theoretical
approach of [27].

5. Novel complex cavity
Let us now consider a novel complex cavity as a tradeoff between cylindrical and standard complex cavities for the

second-harmonic 0.4-THz gyrotron. In this cavity, a smooth-walled cylindrical resonator is jointed to a corrugated
cylindrical resonator of the same radius R =2.588 mm and length L =L, =17.5 mm (Fig. 1c). The depth d of
longitudinal corrugations is set close to a half vacuum wavelength at the operating frequency and equals 0.3833 mm. For
such corrugation depth, the ohmic losses in a metal corrugated wall are moderate [46, 54, 60-63]. More importantly, in this
case, the operating normal TE modes supported by the smooth-walled and corrugated cylindrical resonators have nearly
equal eigenvalues and features the strongest coupling [46, 54, 63].
The novel cavity exhibits properties of cylindrical or standard complex cavities depending on the width w and number
1,01
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competing mode for ¢, =0 inside novel complex cavity. The cold characteristics of these modes are listed in Table II



Table I
Cold characteristics of modes shown in Fig. 8

Case  f(GHz) Quir Qohm Ot Ly(mm) 7, (%)
(a) 391.458 48950 13000 @ 10280 33.2 90.8
(b) - 391.444 = 27130 13290 8920 329 - 593
(c) - 391474 32650 12800 - 9200 352 511
(d) | 194.105 @ 11350 ~ 11390 = 5700 194 = 936

N of corrugations. In deciding on specific values of w and N, the following tendencies should be taken into account.
Decrease in the number of corrugations leads to reduced ohmic losses in a corrugated wall [46, 62, 63], but can initiate
undesirable coupling of the operating mode with spurious azimuthal modes [46, 61-63]. Decrease in the width of
corrugations improves the robustness of the cavity characteristics against manufacturing errors, but reduces the mode-
selection capability and can add complexity to the manufacturing process. All things considered, we arrive at w=0.2 mm
and N =17 . Using these parameters, we obtain f, =391.458 GHz, O, =48950, Q,,, =13000 and Q,, =10280 for the

high-Q operating mode of the novel complex cavity.
The main factor affecting mode coupling in the designed cavity is the depth of the corrugations. Therefore, we next
assume an error ¢, in the corrugation depth d . Figs. 7, 8a-8c and Table II show the effect of §, on cold characteristics of

the novel complex cavity. As is seen from Figs. 3 and 7, these characteristics are less sensitive to manufacturing errors than
those of the standard cavity. In addition, the novel cavity is characterized by reduced interaction length and diffractive
quality factor of the competing TEs, mode (Fig. 8d) and therefore is expected to favor suppression of this mode.

Fig. 9a shows starting currents of the operating and competing modes of the second-harmonic 0.4-THz gyrotron with
novel complex cavity. It is clearly seen that, compared to a standard complex cavity, the novel cavity is characterized by
lower starting current of the operating mode and therefore provides better discrimination against the competing TE5, mode.
Moreover, as expected, this cavity shows better robustness against manufacturing errors than the standard one. This can
also be seen in Fig. 9b. It is evident that, in the novel cavity, the operating mode can be generated for errors £10 um in
both depth and width of corrugations. Such a tolerance is fully met by modern manufacturing techniques.

Fig. 10a shows the output power of the second-harmonic 0.4-THz gyrotron utilizing the novel complex cavity. The
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Fig. 9 (a) Starting currents of the operating and competing modes of the second-harmonic 0.4-THz gyrotron with novel
complex cavity versus the magnetic field B, for different 6, , and (b) influence of the manufacturing errors in depth and

width of corrugations on the starting current of the operating mode for B, =721 T
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Fig. 10 (a) Output power of the second-harmonic 0.4-THz gyrotron with novel complex cavity and (b) power of the
outgoing TEg s mode of the novel cavity for different J,



output power varies smoother along the operating range and is less affected by errors than that of the standard complex-
cavity gyrotron (Fig. 6a). The only weakness of the novel cavity is a frequency-dependent mode content of the output
radiation (Fig. 10b). The mode purity is somewhat affected by the error §, and is around 99% and 25% for high-order

even axial resonances and transient states between them, respectively. A way of improving the output mode purity is to
reduce the width w of corrugations to minimum, which on the one hand must be reached by available manufacturing
technology and on the other hand can still offer efficient suppression of competing modes.

6. Conclusions

A fast simplified approach has been used to critically analyze a practical benefit of complex cavities for second-
harmonic subterahertz gyrotrons. For clarity, a comparison between the performance of the complex-cavity and cylindrical-
cavity gyrotrons has been presented. As a concrete example, the complex and cylindrical cavities for the frequency-tunable
second-harmonic 0.4-THz gyrotron of FIR-UF have been considered. It has been shown that the complex cavity enables
generation of the desired second-harmonic operating mode (mode pair), which suffers from severe mode competition in a
cylindrical cavity. At the same time, the complex-cavity gyrotron exhibits a sharp power variation along the frequency
tuning band and reduced output mode purity, which can range from 1 to 99 % depending on frequency of the operating
mode. Moreover, the performance of the complex-cavity second-harmonic 0.4-THz gyrotron is impaired by small
manufacturing errors in cavity radius. Such errors have only a minor effect on the competing modes, which are supported
by either of two resonators of the complex cavity. The strongest effect has been observed for the lowest axial operating
mode, which shows more than 100% increase in starting current and more than 100% decrease in output power for the
manufacturing error of 1 um. A novel complex cavity formed by coupled smooth-walled and corrugated cylindrical
resonators has been considered as a design solution intended to improve the performance of the second-harmonic 0.4-THz
gyrotron. The longitudinal wall corrugations have been designed to ensure the following characteristics: the strongest
coupling of the operating radial modes of smooth-walled and corrugated resonators, moderate ohmic losses of the operating
mode, no coupling of the operating mode to spurious azimuthal modes, and good robustness of gyrotron performance to
manufacturing errors in both depth and width of corrugations. It has been found that the novel cavity is superior to both
cylindrical and standard complex cavities in mode selection. In addition, the output power of the second-harmonic gyrotron
with the novel cavity varies smoother with operating frequency and is less affected by manufacturing errors than that of the
standard complex-cavity gyrotron. However, similar to the standard cavity, the novel complex cavity has been shown to
have the frequency-dependent output mode purity, which can present a serious handicap to the design of the output mode
converter for the frequency-tunable 0.4-THz gyrotron.
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