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Abstract

The international race toward realizing the first economically viable fusion power plant
is in full progress. Start-ups, in particular, are proposing compact high-field tokamak
experiments that require electron cyclotron heating at frequencies well above 200 GHz.
This demand drives the intensive pursuit of high-power gyrotrons operating beyond
200 GHz. Second harmonic operation offers a promising route to reach such frequen-
cies without necessitating stronger magnetic fields. However, the intrinsically lower
interaction efficiency and strong competition from first harmonic modes pose signifi-
cant challenges. To enhance mode selectivity, we propose a cavity design with a novel
scheme of profiled impedance corrugations, changing the surface impedance on the
inner conductor along the axis of a coaxial gyrotron cavity. This design achieves
unprecedented suppression of competing first harmonic modes while maintaining
ohmic wall loading levels compatible with continuous-wave (CW) operation. As a
result, this novel corrugation scheme enables higher output power, broadens the range
of stable gyrotron operation, and substantially reduces sensitivity to electron beam
quality. These advances establish tapered impedance corrugations as a powerful tool
for realizing robust, efficient, and scalable harmonic gyrotrons at sub-terahertz fre-
quencies.
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1 Introduction

Gyro-devices operate based on the electron cyclotron resonance effect [1]. Thus, the
angular frequency w of the generated microwave is close to the electron cyclotron
frequency €2 of the electrons or higher harmonics thereof. The interaction condition
between electrons and the electric field at any harmonic s can be expressed as

w~sQ+ kv, (1)

where k; denotes the axial wave number and v, the axial electron velocity. As €2 is
proportional to the static magnetic flux density B, the output frequency can be doubled
with the same magnetic flux density when utilizing second harmonic interaction.

Fusion gyrotrons, unlike harmonic gyrotrons for dynamic nuclear polarization
spectroscopy as presented in [2—4], demand MW-level microwave output power, and
therefore utilize highly overmoded cavities to minimize wall losses. However, when
targeting second harmonic operation (s = 2), this design leads to strong competition
from first harmonic modes whose cutoff frequencies are close to the cyclotron fre-
quency. Thus, to enable efficient harmonic interaction, the cavity must be designed to
prevent excitation of these first harmonic modes.

The most promising approaches for harmonic MW-level gyrotron cavities include
the use of an external injection signal, which forces the electrons to interact at a specific
frequency [5], or the targeted suppression of first harmonic competing modes by means
of a coaxial cavity. Such cavities feature an impedance-corrugated inner conductor
combined either with outer mode-converting corrugations [6] or with smooth outer
cavity walls [7, 8]. Other alternative methods, like the use of resistive, up-tapered inner
conductors, are difficult to apply for MW-class gyrotrons due to the high ohmic load
on the inner conductor [9].

Suppressing first harmonic modes via an injection signal offers the added benefit
of frequency locking to a master oscillator. However, the injection power is not negli-
gible compared to the output signal. As shown theoretically in [10, 11], as well as in
gyrotron interaction simulations in [12], the required locking power follows Adler’s
relation [13]. Consequently, to achieve output powers exceeding 1 MW at an operating
frequency of 170 GHz—using a cavity with a moderate diffractive quality factor of
O = 1500—an injection power of at least 100—200kW is required. This ensures an
adequate locking bandwidth of approximately 30 MHz, sufficient to compensate for
manufacturing tolerances on the order of +5 pum. Therefore, to deliver the necessary
injection-locking power, a medium-power gyrotron would be needed as the master
oscillator, as described in [14]. Additionally, methods must be employed to stabilize
the master oscillator [15] and to tune the resonance frequency of the master oscillator
to compensate the frequency shift due to thermal expansion of the cavity. Therefore,
the use of injection locking involves considerable effort.

Compared to the injection-locking approach, the possibility of suppressing first
harmonic modes using an impedance-corrugated inner conductor would simplify the
layout for electron cyclotron resonance heating (ECRH) installations at frequencies
above 250 GHz, where second harmonic gyrotrons can be advantageous.
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This article considers the possibility of suppressing first harmonic modes using an
impedance-corrugated inner conductor and discusses improved first harmonic sup-
pression by tapering the depth of corrugation on the inner conductor. This approach
leads to more stable operation of the gyrotron and reduces the susceptibility to electron
beam parameter tolerances.

The paper is structured as follows: Sect. 2.1 presents the theoretical basis for sup-
pressing first harmonic competing modes in cavities equipped with coaxial inserts
featuring constant-depth corrugations. Section 2.2 details the underlying principles and
design methodology of the proposed approach, which involves a tapered corrugation
depth on the inner conductor. A representative numerical design is provided in Sect. 3
for a 170 GHz second harmonic TE34, 19 coaxial cavity incorporating tapered corru-
gations on the coaxial insert. To evaluate the effectiveness of the proposed method,
tolerance analyses are conducted for various beam parameters that may impact the
performance of the second harmonic TE34, 19 operating mode.

2 Suppression Scheme for First Harmonic Competing Modes

Unlike in a hollow cavity, the eigenvalue x of a TE mode in a coaxial cavity is
geometry-dependent. The eigenmodes of coaxial cavities are influenced by the ratio
of the outer to inner wall radii, following denoted by C. Thus, the cutoff frequency and
diffractive quality factor can be influenced not only by the geometry of the outer wall
but also by the shape of the inner conductor within the cavity. As a result, competing
modes with smaller caustic radii than the operating mode can be effectively suppressed.
This suppression can be further enhanced by introducing longitudinal corrugations on
the inner conductor [16].

2.1 Coaxial Gyrotron Cavities with Constant Corrugation Depth

If the period of the corrugations along the circumference of the coaxial insert is signifi-
cantly smaller than half of the free-space wavelength A and the number of corrugations
satisfiles N > |m| + x, where m is the azimuthal mode order of the TE,, , mode,
azimuthal mode conversion due to the corrugations can be neglected [17]. In this
regime, the corrugations can be described by an effective surface impedance model
(SIM). For SIM corrugated coaxial cavities, the eigenvalue x of the mode TE,, ,,
depends not only on the ratio of the outer to inner cavity wall radii C = roy/rin, but
also on the corrugation depth d of the impedance corrugations. The eigenvalue of the
coaxial eigenmode can be obtained as the roots of the characteristic equation

’ ;X X
I (X) (Ym(E)-FwYm(E)) .
, ;X XN\

as described in [16], where w = [/p tan(d/rou x), for a corrugation width / and a
period of the corrugations p. Here, Jy, and Y, denote the Bessel functions of the first
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and second kind. This concept has already been successfully demonstrated in first
harmonic coaxial gyrotrons [18], where d is usually chosen to be & (.25 to suppress
competing cavity modes [19]. The dependence of x to C and d is illustrated in Fig. 1
for a corrugation width to period ratio [/ p of 0.5.

While the eigenvalue approaches that of the hollow wave-guide mode for large
C, and tends to infinity as C — 0, it is particularly influenced by the impedance
corrugations in certain regions of the eigenvalue curve. This effect is clearly visible in
Fig. 1, where the eigenvalues of the coaxial TE|7 10 mode are shown for corrugation
depths ranging from d = 0 X to 0.4 A. For large corrugation depths, the eigenvalue of
the TE,, , mode approaches that of the hollow cavity eigenvalue corresponding to the
TE,;.n—1 mode.

For second harmonic operation, d is chosen to be between 0.4A and 0.6\ of the
operating mode. While the corrugations present a low surface impedance for the second
harmonic operating mode, the first harmonic competing modes are presented a high
surface impedance. In combination with a down-tapered inner conductor radius, the
eigenvalue of the first harmonic competing modes decreases along the cavity, if the
inner conductor radius is carefully selected. This effect is illustrated in Fig.2, where
it results in a reduced diffractive quality factor Q, and consequently, an increased
starting current for the affected modes. For instance, the Q of the TE{7 190 mode, the
main first harmonic competing mode to the second harmonic operating mode TE34 19,
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Fig. 1 Eigenvalue of the most critical first harmonic competing mode TE ;7,1 for corrugation depth of
d = 0.0 to 0.4 X in 15 steps for an outer wall radius of rout = 29.55 mm, a corrugation width of 0.3 mm
and a corrugation period of 0.6 mm
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Fig.2 Eigenvalue of the most critical first harmonic competing mode TE 7, 1( versus cavity axial coordinate
with constant and with profiled corrugation depth

can be decreased from Q = 957 to Q = 495 solely by employing the SIM corrugated
coaxial insert, compared to a hollow cavity with an identical outer radius contour.
This approach can be employed in the design of a second harmonic coaxial gyrotron
capable of delivering output powers of up to 1.6 MW, as detailed in [7, 8].

Nevertheless, to achieve a sufficient suppression of the first harmonic competing
modes, the radius of the coaxial insert of a second harmonic gyrotron has to be larger
than the radius of the coaxial insert of a fundamental coaxial gyrotron with the same
operating mode. This increases the ohmic wall loading on the insert, which should
be below 0.39 kW/cm? [20]. Also, the second harmonic interaction is more prone to
beam parameter tolerances. To make the operation of the gyrotron more robust, further
methods have to be found to enhance the cavity design.

2.2 Axially Profiled Corrugation Depth

To further enhance the suppression of competing modes, their diffractive quality factor
must be reduced even further [21]. As illustrated in Fig. 1, the eigenvalue of the TE,, ,
mode can be decreased to the eigenvalue of the hollow TE,, ,—1 mode by increasing
the corrugation depth d. Varying d—and thereby the effective surface impedance of
the inner conductor—can change the eigenvalue of the first harmonic competing mode
even for a constant outer to inner wall ratio. This results in a comparable impact on
the diffractive quality factor as tapering the inner conductor. A preliminary theoret-
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ical investigation into axially distributed stepped corrugation depths was previously
proposed for DNP gyrotrons [22]. However, to enable practical implementation in
high-power gyrotrons, a more robust and manufacturable design approach remains
necessary.

Since yx is more sensitive to d, than to C in the region of the eigenvalue curve where
x is most affected, keeping C constant and modifying d demands high manufacturing
precision, both in milling the impedance corrugations and in positioning the coaxial
insert. The tolerances can be relaxed by simultaneously varying both C and d. For the
physical implementation, this implies tapering the insert radius and corrugation depth
along the cavity axis, thereby distributing the eigenvalue reduction over a larger axial
region. As the corrugation depth increases, the range of C where xm n approaches
Xm.n—1 can be enlarged. Following, it is possible to decrease the coaxial insert radius
while still influencing the first harmonic competing modes. With a decreased coaxial
insert radius, the ohmic loading on the coaxial insert can also be reduced.

In contrast to other conceivable profiles of d that would increase the suppression
of first harmonic competing modes, such as a stepwise increase in C to enhance d, a
simultaneous taper of both C and d can be readily manufactured mechanically. Such
a profile can be fabricated using disk cutters or 5-axis CNC machining, analogous to
the coaxial inserts previously produced for the first harmonic coaxial gyrotron at the
Karlsruhe Institute of Technology [23]. In particular, for the disk-cutting manufactur-
ing method, the rounding at the bottom of the corrugations is sufficiently small to be
neglected. Large roundings at the corrugation bottom would result in a shift of the
effective corrugation depth and therefore the effective surface impedance. The toler-
ance of the corrugation depth is comparable to that of well-established constant-depth
designs.

The design should avoid the region of the eigenvalue curve, in which the so-called
inner mode appears, as it may lead to field elevation at the insert [17, 24]. Additionally,
the transition to the inner mode poses the risk of coupling between the TE,, , and
TE,;.n—1 modes, due to the convergence of their respective eigenvalues within this
region. This imposes constraints on the minimum allowable value of d at the entrance
of the cavity. Furthermore, the region of low C, with strongly increasing y, should be
avoided, as this could adversely affect the operating mode.

To influence y, in addition to adjusting d, the ratio / / p along the cavity could also be
varied. However, this approach presents manufacturing challenges, as [ is determined
by the thickness of the milling cutter used, and p depends on the number of corrugations
distributed along the circumference of the coaxial insert. Consequently, this method
is generally not preferred. The variation of p along the length of the cavity due to the
taper of the coaxial insert is negligible for small taper angles.

3 Numerical Design of a Coaxial Gyrotron Cavity with Profiled
Corrugations

To validate the proposed method, a cavity design optimized for second harmonic oper-

ation was developed based on the coaxial TE34 19 170 GHz gyrotron from [23]. The
cavity was designed to match the mechanical interfaces of the existing coaxial KIT
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shortpulse prototype. In the following, the cavity is compared in two configurations:
one with a constant corrugation depth of the coaxial insert at 0.4\ (Case I), and another
one with a tapered insert corrugation, as shown in Fig. 3 (Case II). The interaction
simulations were carried out using the new KIT self-consistent, time-dependent inter-
action codes ROCK [25], based on modeling the electron movement in cyclotron
coordinates, as well as the PIC code simpleRick [26]. Both codes are able to simulate
the electron-wave interaction of impedance-corrugated coaxial gyrotron cavities and
show comparable results for simulations presented in the following section.

The cavity has an outer radius of 29.55 mm with 3.0° downtaper and 2.5° uptaper
angle. The constant midsection length is 20 mm with 6 mm parabolic roundings. The
inner conductor has an outer radius of 8.5 mm and is downtapered with 2.5° along the
cavity axis.

For Case II, additionally, the corrugation depth is increased from 0.5 to 0.71 mm
in an axial region from z = 19 — 53 mm, as presented in Fig. 3.

The eigenvalue of the primary first harmonic competing mode TE;7,19 along the
axis for both cases is shown in Fig. 2. It becomes evident that in the case of profiled
corrugations, the eigenvalue decreases more significantly along the cavity axis than
in the case of constant corrugations—particularly in the region of the constant mid-
section from z = 19 — 45 mm. This leads to a further reduction of the cold diffractive
quality factor from 495 in Case I to 297 in Case II of the TE{7,19 competing mode.

In both cases, time-dependent multimode interaction simulations with up to
95 competing modes yield an output power of 1.3 MW in second harmonic opera-
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Fig.3 Schematic cross-section of the coaxial TE34,19 cavity with tapered impedance corrugations
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Table 1. Operating parameters Electron kinetic energy Eyip 90keV
Beam current [}, 70A
Pitch factor o 1.3
Guiding center radius rgc 9.62mm
Magnetic field B, 35T
Pitch factor spread S 8 %
Guiding center spread drgc 0.8%
Kinetic energy spread § Exin 0.02%

tion, with an interaction efficiency of 21 % at the operating point shown in Table 1.
The selected operating point is compatible with the triode gun from [27] and keeps a
margin of 2kV to the point of mode loss. Since the energy spectrum of the electron
beam is less spread out after the cavity compared to first harmonic operation, the use of
a multi-stage depressed collector, as demonstrated in [28], can significantly increase
the overall efficiency of the gyrotron.

To highlight the effectiveness of the profiled inner corrugations, sensitivity studies
have been performed. In these investigations, Case I and Case II have been simulated
quasistationary, with constant beam parameters for 300ns of simulation time, for
different pitch factors «, while all other beam parameters have been kept unchanged.
Each datapoint of Fig. 4a and b refers to such a quasistationary simulation. In the
cavity with constant corrugation depth, the second harmonic operating mode could
only be excited in arange of « = 1.1 — 1.3, as shown in Fig. 4a. For « > 1.3, the first
harmonic competing mode TE7, 19 starts to prevail. In the profiled corrugated Case
II, the second harmonic mode could be excited up to a pitch factor of @ = 1.8 as it
can be seen in Fig. 4b.

Similar studies were performed with regard to other beam parameters, such as the
beam current. In Case II, the second harmonic mode remains excitable up to a beam

1400
1750

51500 E 1200 TE34,19
£ = 1000
3—)1250 =
E o 800
51000 2
£ 750 £ 000
£ 500 g 400
© 250 p 200
X 9 / & 0
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Pitch Factor a Pitch Factor a

(a) Case I: Constant corrugated coaxial (b) Case II: Profiled corrugation depth on
insert the coaxial inser

Fig. 4 Quasistationary simulated output power of the second harmonic cavity with constant corrugated
coaxial insert (Case I) and with profiled corrugation depth on the coaxial insert (Case II) at the operating
point listed in Table 1
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current of 100A and 1.9MW of output power, while maintaining the ohmic wall
limit of 2.5kW/cm? on the outer wall and 0.39 kW/cm? on the inner cavity wall [20].
For beam currents above 100 A, the competing modes suppress the second harmonic
operating mode.

To evaluate the acceptable beam misalignment, which may occur in experiments
due to a mismatch between the cavity axis and the magnetic axis, the electron beam was
intentionally displaced in the interaction simulations using the PIC code SIMPLERICK.
The numerical results indicate that the second harmonic operating modes can still be
excited with misalignments of up to 0.6 mm. In this case, the output power is reduced
to 500 kW as shown in Fig. 5.

For larger misalignments, the operating mode is suppressed by competing modes.
These tolerances are comparable to those of the fundamental gyrotron studied in [23],
and can be compensated by employing dipole coils in the magnetic system.

Due to the better suppression of the competing modes, it is also possible to decrease
the insert radius. This reduces the ohmic loading on the coaxial insert and increases the
clearance between the inner cavity wall and electron beam. For the constant corrugated
insert, the main first harmonic competitor TE;7 19 suppresses the second harmonic
interaction, if the insert radius is below 8.3 mm. For the cavity of Case II, the radius
can be reduced to 7.9 mm, while maintaining the second harmonic operating mode.

This scheme of profiled surface impedance corrugations can also be utilized to
design coaxial gyrotron cavities with operating frequencies of 280 GHz with still
manufacturable corrugation sizes and tolerances [29].
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Fig.5 Maximum power of the main mode TE34 19 versus the beam misalignments §x
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4 Conclusions

This work presents a novel approach to enhance mode selectivity in coaxial high-power
gyrotrons by introducing a tapered corrugation depth along the coaxial insert. This
technique is particularly advantageous for high-power second harmonic gyrotrons,
where strong competition from first harmonic modes arises. Through detailed the-
oretical analysis and interaction simulations, we demonstrate that this approach
significantly reduces the diffractive quality factor Q of first harmonic competing modes
while preserving the high performance of the desired second harmonic mode.

The proposed design allows for a reduction in the insert radius, leading to decreased
ohmic loading on the inner cavity wall and improved beam clearance. Moreover,
the tapered configuration was shown to increase the operational tolerance against
variations in beam parameters such as pitch factor and current, thereby improving the
robustness of the cavity.

Compared to constant-depth corrugated designs, the tapered structure extends the
stable operating range and enables higher output power without sacrificing efficiency.
These improvements are validated through multimode interaction simulations using
self-consistent time-dependent multimode codes, showing output powers exceeding
1.3MW and interaction efficiencies of over 21 %.

These findings contribute a promising pathway toward the design of more stable
and efficient second harmonic, high-frequency, high-power gyrotrons, which could
enable ECRH applications for frequencies significantly above 200 GHz at reasonable
cost.
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