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Abstract

Mode-joining longitudinal corrugations are studied as a means of high azimuthal
mode selectivity for cavities of high-harmonic terahertz gyrotrons. Their number
dictates the choice of the jointed operating mode, which has a form of strongly cou-
pled co- and counter-rotating azimuthal harmonics. It is found that the distinctive
feature of this mode is a weak dependence of eigenvalue and ohmic losses on cor-
rugation size. First, this favors the use of mode-joining corrugations with variable
depth for efficient suppression of all competing modes by both diffractive and ohmic
losses in the gyrotron cavity. Second, this provides a good robustness of gyrotron
performance against manufacturing errors in the size of corrugations and only a
minor conversion of the operating mode to spurious modes at junctions of the cor-
rugated cavity with smooth-walled waveguides. The beneficial properties of mode-
joining corrugations are demonstrated by a cavity design for a gyrotron operated in
the second-harmonic TE g 4 and third-harmonic TE, 4 , modes at 398 GHz and 593
GHz, respectively.
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1 Introduction

Continuous-wave high-harmonic gyrotrons with relatively compact and reasonably
priced superconducting magnets are highly demanded by many applications in the
terahertz frequency range. However, increase in the harmonic number of the operat-
ing mode makes the problem of mode competition in a gyrotron cavity increasingly
challenging [1].

One possible way to solve this problem is to equip the gyrotron cavity with selec-
tive structural elements, like wall steps [2, 3], grooves [4], irises [5, 6], impedance
[7, 8] or mode-converting corrugations [9-11], coaxial insert [11-15], etc. Ide-
ally, the selective element is required to efficiently suppress all competing modes
in the cavity, be manufacturable, add no much complexity to the gyrotron design,
provide good robustness of gyrotron performance against manufacturing errors and
induce only a slight degradation in output mode purity, ohmic losses, and beam-
wave interaction strength of the operating mode. Actually, it is not an easy mat-
ter to find a selective element, which is capable of meeting all these requirements
simultaneously.

In this study, we introduce mode-joining corrugations and investigate their capac-
ity to meet requirements imposed on selective elements for gyrotron cavities. As a
generalized example, we consider the design of a corrugated cavity for a gyrotron
with two operating modes, namely the second-harmonic mode at 398 GHz and the
third-harmonic mode at 593 GHz. Such a dual-harmonic gyrotron is particularly
attractive as a cost-efficient radiation source for terahertz applications.

2 Mode-Joining Corrugations

First, TE modes of a corrugated cylindrical metal waveguide of radius R are consid-
ered. The waveguide involves N periodic wedge-shaped longitudinal corrugations of
width w and depth d (see the inset of Fig. 1).

Using the spatial harmonic method [9, 10, 16], a full-wave solution of the wave-
guide problem is found in the form of coupled azimuthal Bloch harmonics inside the
guiding channel (r<R) and Fourier harmonics inside the corrugations. Coupled
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Bloch harmonics are characterized by azimuthal indices m;=m+jN, where
j=0,+1,+2... is the harmonic number. When either or both w and d approach zero,
Bloch harmonics transform to uncoupled TEmf’,, modes of a smooth-walled cylindri-
cal waveguide. ‘

In general, a coupling of Bloch harmonics has an intricate dependence on size
and number of corrugations [9, 10]. Therefore, its strength is difficult to estimate in
advance. However, one can expect a distinct coupling of Bloch harmonics of the

corrugated waveguide, provided that the corresponding TE,, , modes of the smooth-

walled waveguide have fairly close eigenvalues y (cutoff frequencies f. = cy/(2zR)).

It is well know that in smooth-walled cylindrical waveguides, degenerate modes
with the same eigenvalue are co- (m>0) and counter (m <0) -rotating TE,, , modes.
Clearly, a coupling of corresponding Bloch harmonics of the corrugated waveguide
requires a natural number of corrugations N being equal to 2m/j.

Of concern to us are waveguide modes with m= +9 and m= +18. For these
modes, coupling of co- and counter-rotating Bloch harmonics can be achieved by
choosing N=18. For N=18, w=0.15 mm and R=2.696 mm, the cutoff frequen-
cies of modes with m= +18 and m= +9 as functions of corrugation depth d are
shown in Fig. 2(a) and (b), where curves are labelled by the azimuthal m and radial
n indices of TE,, , modes of the smooth-walled (d=0) cylindrical waveguide. It can
be seen that corrugations remove the degeneracy of co- and counter-rotating modes
due to harmonic coupling. For each radial index n there are two modes with dis-
tinct cutoff frequencies (see also Fig. 5 in [17]). One mode behaves like the ordinary
mode of a corrugated waveguide (see also Fig. 2(c) and (d)). Its cutoff frequency
decreases with increasing d [9, 10]. The other mode has two distinct features. First,
inside corrugations it has low field concentration caused by high-order Fourier har-
monics (Fig. 3). For this reason, this mode is weakly sensitive to the corrugation
depth. Second, inside the guiding channel, it involves an equally-weighted combina-
tion of co- and counter-rotating Bloch harmonics, each with nearly 50% of mode
purity. Because of this, in the following, such a mode will be called a jointed mode
designated as TE, ,, , mode.

Formation of the jointed mode can be disturbed by interaction with other Bloch
harmonics. For m= +9 and N=18=2Iml, such harmonics have Imjl >3Iml. Interac-
tion with these harmonics is forbidden for TE,,, , modes subject to the condition
x <3lml [16], which is fulfilled for modes shown in Fig. 2(b). However, it should be
noted that this condition is not mandatory and such harmonic interaction is absent
for all jointed modes with enough large frequency separation from neighbouring
TEm,,n modes. In particular, this is true for the TE, ;g 4 mode and N=18=Iml, what
can be seen in Fig. 2(a).

Figure 4 shows the influence of w and d on cutoff frequency and ohmic Q-factor
of the TE, g ymode of the corrugated copper waveguide with realistic electrical con-
ductivity 2.9%x107 S/m. It can be seen that, for small corrugation width w, the effect
of corrugations on the jointed mode is minor. As w increases, the cutoff frequency
and ohmic losses of the TE, ;5 , mode increase. The effect of corrugation width on
waveguide modes is more pronounced with increasing ratio between the width w
and cutoff wavelength A.=c/f,.
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Fig.3 Distribution of the azimuthal electric field over the transverse cross-section of the corrugated
waveguide for modes shown by markers (a) A and (b) B in Fig. 2b
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Fig. 4 Cutoff frequency (solid lines) and ohmic quality factor (dashed lines) of the TE, 5, mode as func-
tions of the corrugation depth d for different width w

Specific features of mode-joining corrugations make them particularly suitable for
suppression of all waveguide modes, except for jointed modes with selected azimuthal
indices m. First, such azimuthal mode selection is favoured by additional ohmic losses
introduced by the corrugations. These losses for ordinary modes are much larger than
those for jointed modes. Second, unlike jointed modes, ordinary modes of the corru-
gated waveguide possess cutoff frequencies (Fig. 2(c) and (d)), which depend on the
corrugation depth. In a gyrotron cavity, this provides a means for suppression of all
ordinary modes by diffractive losses induced by profiled mode-joining corrugations
with variable depth.
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w Gl e m,  m, m,

=0) f(GHz) 592.95 398.25 396.48 186.24
Ouy 134300 49400 48950 7600
O 15800 15300 17600 9650
0., 14140 11680 12940 4270
L (mm) 27.8 28.5 28.5 30.6

Table 2 Cold characteristics of

the corrugated cavity Mode TEx154 TEs04 TE4s TEss
f(GHz) 593.48 398.44 397.19 196.26
Qur 134700 49900 1380 720
O 15700 15300 14000 3370
Our 14080 11700 1260 600
L5 (mm) 27.9 28.6 17.5 13
1, (%) 99.97 99.99 94.06 56.57

3 Cold-Cavity Calculations

To show this, we start with the cold (without an electron beam) gyrotron cavity with
profiled mode-joining corrugations (Fig. 1). The cavity consists of a resonator with
the radius R=2.696 mm and length L=26 mm, and input and output sections with
taper angles 3° and 0.5°, respectively. The corrugations have the number N=18,
width w=0.15 mm and continuously variable depth d. The corrugations depth is
constant in the tapered input and output sections and increase linearly from 0.26
mm to 0.37 mm along the resonator length. The cavity has the electrical wall con-
ductivity 2.9x10” S/m and is connected from both ends to uniform smooth-walled
cylindrical waveguides. To take into account reflection and conversion of waveguide
modes at the cavity ends, the coupled-mode approach of [8, 18, 19] is used.

Tables 1 and 2 list the characteristics of modes of the smooth-walled and cor-
rugated cavities, respectively. It can be seen that, except for a frequency up-shift,
corrugations produce only a slight effect on the jointed TE , 4 and TE, g 4 modes,
including their output mode purities 7, affected by mode coupling at the step transi-
tions between the corrugated cavity and smooth-walled waveguides.

By contrast, corrugations provide strong discrimination against ordinary modes.
First, ohmic losses of these modes greatly increase. This is particularly true for
modes with cutoff wavelengths 4. close to 4d [9, 10, 20]. Second, in the gyrotron
cavity, profiled wall corrugations, similar to a tapered coaxial insert [11, 13, 15],
give rise to additional diffractive losses of ordinary modes. This is because the cut-
off frequencies of these modes decrease along the resonator length (Fig. 2). For this
reason, their diffractive quality-factors O in the corrugated cavity are the same as
those in a smooth-walled cavity with up-tapered resonator. Third, for the same rea-
son, corrugations reduce the length of field localization inside the cavity (interaction

@ Springer
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cavity length L,z for ordinary modes. Thus, for these modes, corrugations are
expected to initiate a large increase in starting currents, which are inversely propor-
tional to LgﬁQm, [1]. Note that, in just the same way, it is possible to suppress the
jointed TE, ¢ 4, mode, which transforms to an ordinary mode with the change in cor-
rugation number N from 18 to 36.

Discrimination against ordinary modes can be adversely affected by mode cou-
pling at the ends of the corrugated cavity. On the one hand, the mode coupling leads
to a reduced output purity of ordinary modes. However, on the other hand, it can
initiate strong mode reflection, which results in an increase of the diffractive quality
factor. For example, such is the case with the ordinary TEs ; mode (Table 2).

Next we consider possible manufacturing errors in size of corrugations. We
assume that corrugation depth and width are continuously variable and vary along
the resonator length from 6,4 0.26 mm to 0.37 mm and 6,,+0.15 mm to 0.15 mm,
respectively. The effect of J, and J,, on frequency and total quality factor of the
jointed TE, ;g 4 mode is shown in Fig. 5. As expected, this mode is mainly affected
by the error §,,. Assumed error §, leads to a non-uniform width of corrugations,
which initiate variation in the cutoff frequency of the TE, 3 , mode along the reso-
nator length (Fig. 4). For this reason, in addition to frequency and ohmic quality fac-
tor Q,,,,» the diffractive quality factor Q- of the jointed mode is affected by 6,,. For
error §,,= +5 pm, this leads to about 2 % change in the total quality factor Q,,, and
power losses (1 —0Q,,/Qy) of the TE_ 5 , mode.

4 Electron Beam-Wave Interaction Modeling

The TE,q 4 and TE, g 4, modes of the cavity with mode-joining corrugations are
selected as second- and third-harmonic operating modes at 398 GHz and 593 GHz
of a dual-harmonic gyrotron. The only reason is a minor competition between these
modes. The gyrotron has the following parameters: electron beam current [,=1 A,
beam voltage V, =30 kV, pitch factor a=1.5. The beam radius r,=1.37 mm is set
close to the maximum strength of beam coupling with the co-rotating TE g 4 mode.
Velocity spread of beam electrons is assumed to be zero.

The dual-harmonic gyrotron is unfeasible without mode-joining corrugations.
This can be seen in Fig. 6(a), which shows starting currents of selected operating
modes and competing modes supported by the smooth-walled cylindrical cavity

(a) 593,4804 14140 () 593,54 15500
5 ) o
& 593,4802 14120 2 T 593,50 14500 2
z o3y 2
2 2 od
5] ] &
£.593,4800 14100 & 2.593,46 13500 &
2 g2 g
A =

503,4798 4 14080 593,424 1 12500

-20 -10 0 10 20 -20 -10 0 10 20
Error &, (um) Error &, (um)

Fig.5 The dependence of the cold-cavity frequency and total quality factor of the TE, 5, mode on errors
in (a) depth and (b) width of the mode-joining corrugations
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Fig.6 Starting currents of the third- (solid line), second- (dashed lines) and first-harmonic (doted lined)
modes supported by (a) the smooth-walled cavity and (b) cavity with profiled mode-joining corrugations

(d=0). Clearly, competing modes present obstacles to operation of the dual-har-
monic gyrotron. Among them is the first-harmonic TE; ; mode. The existence of this
near-cutoff mode in the mode spectrum gives no way to avoid mode competition in
the cavity by increasing velocity spread of beam electrons [21].

Mode-joining corrugations provide a means of suppressing all modes of the gyro-
tron cavity, except for the operating modes with desired azimuthal indices. Starting
currents of these modes are shown in Fig. 6(b). It can be noticed that the starting
currents of the operating TE, 4, and TE, |3 4 modes somewhat increase due to cor-
rugations. This unfavourable effect is explained by reduced strength of beam inter-
action with mode-jointed modes, which are pairs of co- and counter-rotating Bloch
harmonics with distinct beam-wave coupling coefficients [10]. Despite this fact,
large increase in starting currents of competing modes makes the second-harmonic
TE,, 4 and third-harmonic TE, 3 , modes the only modes, which can oscillate in
the desired operating region.

Figure 7 shows the output power of the operating TE 4 , and TE, |3 , modes
versus the cavity magnetic field. It can be seen that oscillation regions of these
modes are partially overlapped. This, however, is not critical for excitation of the
operating modes. As a consequence, in the single-mode regime, the output power

AGO_ i e TE, 54 —1’29
% L TE.o4 =
S 401 e 085
z 18 B s 3
= o z
5 | . g
.20+ : | -0,4 ~
S - WA . ~
0 E . : n 10,0
7,45 7,50 7,55 7,60 7,65

Magnetic field (T)

Fig.7 Output power of the second- and third-harmonic operating modes at 398 GHz and 593 GHz,
respectively
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of the third-harmonic TE, g 4 and second-harmonic TE,y 4 modes exceed 60 W
and 1 kW, respectively. For the TE 4 , mode with 1 kW output power, the peak
ohmic loading in the corrugated cavity is about 1.2 kW/cm?.

Finally, it is worth noting that the operating TE,,, , mode of the cavity with
mode-joining corrugations is converted to uncoupled co- (m>0) and counter
(m<0) -rotating TE,, , modes of the smooth-walled output waveguide. This prop-
erty of the outgoing waves should be considered in the design of a high-perfor-
mance quasi-optical output coupler for gyrotrons equipped with mode-joining
corrugated cavities.

5 Conclusions

It has been shown that mode-joining corrugations enable high azimuthal mode
selectivity of a gyrotron cavity. In such a cavity, the number of corrugations dictates
the choice of the jointed operating mode, which has the form of an equally-weighted
combination of co- and counter-rotating azimuthal harmonics. It has been found that
this mode has unique properties due to low field concentration inside the corruga-
tions. First, the operating mode features low ohmic losses induced by mode-joining
corrugations. Second, its cutoff frequency depends only slightly on the corrugation
depth and moderately on corrugation width. It has been shown that this provides a
good robustness of gyrotron performance against errors in the corrugation size and
a minor mode conversion at junctions of the corrugated cavity with smooth-walled
waveguides. In this cavity, suppression of competing modes is favored by ohmic
losses inside the corrugations and greatly enhanced by increased diffractive losses
and reduced interaction cavity length, which are caused by tapering of the corruga-
tion depth. It has been found that the only unwanted effect of such corrugations is
the reduced strength of electron beam coupling with the jointed operating mode. A
specific design has been made of a cavity with profiled mode-joining corrugations
for a gyrotron operated in the second- and third-harmonic modes at 398 GHz and
593 GHz, respectively. It has been shown that corrugations initiate a large increase
in starting currents of all competing modes and thereby provide a means for single-
mode gyrotron operation at the second and third cyclotron harmonics.
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