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on the displacement of the electron beam and on the azimuthal index
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Two issues in the cavity design for a Megawatt-class, 240 GHz gyrotron are addressed. Those are
first, the effect of a misaligned electron beam on the gyrotron efficiency and second, a possible
azimuthal instability of the gyrotron. The aforementioned effects are important for any gyrotron
operation, but could be more critical in the operation of Megawatt-class gyrotrons at frequencies
above 200 GHz, which will be the anticipated requirement of DEMO. The target is to provide
some basic trends to be considered during the refinement and optimization of the design.
Self-consistent calculations are the base for simulations wherever possible. However, in cases for
which self-consistent models were not available, fixed-field results are presented. In those cases,
C 2014 AIP Publishing LLC.
the conservative nature of the results should be kept in mind. V
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I. INTRODUCTION

DEMO is intended to be the first electricity producing
fusion power plant following ITER. Electron cyclotron heating and current drive (ECRH&CD) are expected to be the
dominant heating and current drive systems. According to
Ref. 1, optimum efficiencies of ECRH&CD are found for frequencies around 230 GHz and 290 GHz for the steady-state
and the pulsed DEMO. High-power, continuous-wave (CW)
gyrotron operation at such frequencies requires a very highorder operating mode to keep the ohmic loading of the walls
within acceptable limits. In Ref. 2, a preliminary design of a
conventional hollow-cavity resonator capable of generating
about 1.3 MW of power at 238 GHz is discussed. The proposed operating mode is TE50,17 (eigenvalue  119). It is
known that, compared to hollow-cavity, the coaxial-cavity
resonator is capable of supporting single-mode operation at
even higher-order modes.3 For this reason, KIT is expanding
its research on coaxial-cavity gyrotrons towards frequencies
above 200 GHz, starting gyrotron research for a frequency
step-tunable, coaxial-cavity type gyrotron at around
240 GHz.4 Targeting at 2 MW of output power, or, alternatively, at highly reliable operation at 1.5 MW, the operating
TE49,29 mode (eigenvalue  158) is currently considered to be
appropriate. In a preliminary cavity design, already obtained,
the TE49,29 mode ensures stable single-mode operation suppressing mode competition.
In this paper, two issues will be addressed, which, for
such a high-order mode, have not been considered in other
publications: (i) The effect of a misaligned (i.e., shifted and/or
tilted) electron beam on the gyrotron efficiency and (ii) a possible azimuthal instability of the gyrotron. The studies are
motivated by the fact that the aforementioned effects could be
critical in high-power gyrotrons in the 200–300 GHz frequency range, considering the short wavelength and the very
high-order operating mode. To illustrate the latter point
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further, it should be noted that the operating TE34,19 mode of
the 170 MW, 2 MW pre-prototype coaxial gyrotron at KIT5
has an eigenvalue of 105 already. To the authors’ knowledge, this operating mode is so far the highest-order mode, for
which robust excitation has been experimentally demonstrated
in a gyrotron. The studies presented in this paper will focus on
a preliminary 240 GHz coaxial cavity design. However, the
conclusions can be of more general importance regarding
gyrotron designs at this frequency and power range.
Table I shows the basic operating parameters of the
gyrotron design under study. A beam current of 55 A, which
is compatible with the present electron gun technology, can
yield a generated power of 1.5 MW CW. However, with a
current of 75 A, which can be achieved with advanced electron gun technologies, already underway,6 the gyrotron can
yield 2.1 MW of generated power. Because of the employed
very high-order TE49,29 mode, the ohmic wall loading constraint is satisfied in any case (i.e., it is kept below
2 kW/cm2).
The resonator outer wall radius is shown in Fig. 1.
The axial profile of RF field in this cavity is shown in
Fig. 2.
In the fixed-field, cold cavity approximation and for a
beam current of 55 A, one finds an operating frequency of
f ¼ 239:925 GHz, a diffraction quality factor of Qdif f ¼ 1838,
and an output power of Pout ¼ 1:2 MW, yielded at the efficiencies g? ¼ 48%, gtot ¼ 29%. Self-consistent calculations
using the code COAXIAL7 provide the following results:
f ¼ 239:874GHz, Qdif f ¼ 2139, Pout ¼ 1:4 MW, g? ¼ 55%,
and gtot ¼ 33%, whereas self-consistent calculations using the
more advanced code-package EURIDICE8 result in
f ¼ 239:939GHz, Qdif f ¼ 2720, Pout ¼ 1:5 MW, g? ¼ 58%,
and gtot ¼ 36%. The discrepancies between the fixed-field
and the self-consistent results are well known for low-Q gyrotrons. Also, it is a fact that the fixed-field results are usually
conservative results. For this reason, self-consistent
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TABLE I. Operating parameters.
Central frequency
Magnetic field
Beam voltage
Beam current
Beam radius
Electron beam pitch factor

240 GHz
9.53 T
76 kV
55 A/75 A
10 mm
1.3

calculations are the base for simulations, wherever possible.
However, in those cases for which self-consistent models are
not available (e.g., tilted electron beam), fixed-field results are
presented. In those cases, the conservative nature of the results
should be kept in mind.
II. EFFECT OF ELECTRON BEAM MISALIGNMENT ON
THE GYROTRON EFFICIENCY

The ordinary theory describing the interaction between
gyrating electrons and the RF field in gyrotrons assumes
axial symmetry, which greatly simplifies the treatment of the
problem. In practice, however, a misalignment between the
electron-optical system of a gyrotron and the magnetic field
axis with respect to the center axis of the gyrotron is very
likely during production (see Ref. 9 and references therein).
Moreover, it is intuitively clear that the significance of those
misalignments increases with decreasing wavelength. The
wavelength of a 240 GHz gyrotron (k ¼ 1:25 mm) is about
30% shorter than the wavelength of the 170 GHz ITER gyrotron (k ¼ 1:76 mm). In this paper, we use the fixed-field
theory of electron beam misalignments developed in Ref. 9
to analyze the 240 GHz gyrotron design. Wherever possible,
results obtained with the self-consistent approach are also
presented.
In the case of a displacement of the electron beam axis
with respect to the center of the cavity, the coordinates of the
electron guiding centers in the resonator frame (Rb , w) and in
the beam frame (R0 , w0 ) are related as follows:
R20 ¼ R2b  2dRb cos w þ d2 ;

FIG. 2. The simulated axial profile of the transverse electric RF field in the
cavity: Cold cavity approximation (solid) and self-consistent (dashed).

where d is defined as the distance between the center axis
and the beam axis. In the case of a beam displacement parallel to the cavity axis (i.e., beam shift), the distance d is constant. Instead, in the case of a tilt, the distance d varies along
the z-axis in accordance with
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
d ¼ ðx00 þ z tan ax Þ2 þ ðy00 þ z tan ay Þ2 :
(2)
In (2), x00 and y00 are transverse coordinates of the beam
frame origin with respect to the origin of the resonator frame
at the entrance (z ¼ 0), and the angles ax;y are the tilt angles
in corresponding directions. Since the x-axis and y-axis can
be chosen arbitrarily, without loss of generality, one can
assume that the beam is tilted in xdirection only.
The effect of the beam shift on the interaction efficiency
of the gyrotron is illustrated by the results presented in
Figure 3 and in Table II. In Figure 3, the contours of equal
efficiencies are shown, calculated with the cold-cavity,
fixed-field approximation. Table II shows the results which
have been obtained by self-consistent simulations using the

(1)

FIG. 1. Axial profile of the resonator wall radius in the 240 GHz gyrotron
design.

FIG. 3. Fixed-field results for a parallel displacement of the electron beam
(i.e., shift only, no tilt): The interaction efficiency gtot is plotted as a function
of the transverse coordinates. An ideal electron beam with a radius of 10 mm
is assumed.
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TABLE II. Self-consistent results for electron beam parallel displacement.
Beam shift (mm)
0.00
0.10
0.20
0.25
0.27
0.28

Electron efficiency (%)
37.1
37.1
36.5
36.0
35.3
Mode loss

EURIDICE code package. The beam shift in EURIDICE is
treated in the same manner as in Ref. 10. In both cases,
single-mode calculations with an ideal electron beam (i. e.,
assuming no spread in guiding-center, energy, and velocity)
have been performed.
According to the fixed-field model (Fig. 3), a shift of the
order of d ¼ 0.15 mm leads to mode loss. However, in the
self-consistent approach, the necessary shift for mode loss is
d ¼ 0.28 mm (see Table II). Note that in the fixed-field
approach, the corresponding shift for mode loss for a
170 GHz 1 MW hollow-cavity gyrotron is 0.60 mm,9 whereas
highly realistic self-consistent simulations of a 170 GHz,
2 MW coaxial gyrotron (including beam shift, spreads in electron energy, velocity, and guiding-center, as well as mode
competition and realistic magnetic field profile) showed that
the shift necessary for mode loss is 0.80 mm.11 From these
results, we could suggest that although the wavelength is
reduced by only 30% from 170 GHz to 240 GHz, the corresponding tolerance in beam shift decreases by 70%.
Figure 4 shows the gyrotron efficiency as a function of
the tilt angle of the electron beam. The fixed-field approach
of Ref. 9 was used to perform the single-mode calculations,
assuming no spread in the beam parameters. In the fixedfield calculation, a tilt angle of 0.6 leads to a mode-loss.
Finally, the combined effect of electron beam displacement and tilt was also addressed in a similar fashion. The
results are shown in Fig. 5 for a tilt equal to 0.5 (a) and 1 (b).
It is interesting that in the fixed-field calculations, the
deteriorating effect of the tilt on the gyrotron efficiency (Fig.
4) can be mitigated by a corresponding shift of the beam at

FIG. 5. Fixed-field results for electron beam shift and tilt: Efficiency as a
function of transverse coordinates for (a) a tilt angle 0.5 and (b) a tilt angle
1 . The electron beam radius is 10 mm.

the entrance (Fig. 5) if such a shift results, on average, in a
better matching of the beam and resonator axes in the interaction space. By considering displacement-tilt value pairs
for constant efficiency (see Table III), it is possible to
roughly estimate which “displacement” compensates which
“tilt angle” (and vice versa). The tilt h can be interpreted as a
beam shift d in the x00-y00 (entrance) plane, with the beam
axis fixed at (0,0) at a certain height h over the x00-y00 plane
according to h ¼ d/tan(h). Since the considered tilt angles are
TABLE III. Displacement-tilt pairs at constant efficiencies.
Efficiency
0.28

0.24

FIG. 4. Fixed-field results for electron beam tilt: Efficiency as a function of
the tilt angle.

Pairs
(0.00 mm; 0.00 ), see Figs. 3–5(a)
(0.18 mm; 0.50 ), see Fig. 5(a)
Slope: 0.36 mm/deg
(0.00 mm; 0.26 ), see Fig. 4
(0.08 mm; 0.50 ), see Fig. 5(a)
Slope: 0.33 mm/deg
(0.09 mm; 0.00 ), see Fig. 3
(0.27 mm; 0.50 ), see Fig. 5(a)
Slope: 0.36 mm/deg
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small, the approximation h  tan(h) is valid. If d equals the
defined beam displacement, h(x00,h) is the z-coordinate
where the beam axis crosses the z-axis. If the interaction efficiency is mainly dependent on the closeness of h and the
field maximum (see Fig. 2), lines of constant efficiency
g(x00,h) should all have the same slope Dx00/Dh.
The slopes of the 28%-efficiency line and of the two
extremal 24%-efficiency lines lie between 0.33 mm/degree
and 0.36 mm/degree, or 19 mm and 21 mm. This is quite
accurately the z-coordinate of the field maximum, which is
expected to be the main interaction point.
The results presented in the Figures 3–5 are obtained
assuming that there is no spread in the electron guiding center radii. However, in practice, the spread is always present.
In Figures 6–8, the effect of the shift and tilt on the interaction efficiency is shown, assuming that there is a spread in
the guiding-center of 2k/5: Rb ¼ 10 60:25 mm.
Apparently, a guiding-center spread as large as 0.5 mm
deteriorates the efficiency only slightly, by only 15%.
Since it is expected that, by proper emitter design, this
spread will be smaller by a factor of 2 in the 240 GHz gyrotron and that there is a monotonic dependence between
spread and beam shift/tilt on the gyrotron efficiency, the finite width of the electron beam does not seem to be an important issue.
III. REGIONS OF AZIMUTHAL INSTABILITY

At present, MW-class millimeter-wave, CW gyrotrons
operate at high-order modes, hence in the region of a very
dense spectrum of eigenmodes. Therefore, in studying the
interaction of an electron beam with the eigenmodes of the
gyrotron cavity and in parallel with representing the
electromagnetic (EM) field as a superposition of a number of
discrete eigenmodes, the wave envelope representation can
be used as well.12 As the gyrotron resonator is open in its
axial direction (direction of the external magnetic field), the
axial structure of the EM field is influenced by the electron
beam. Therefore, in the case of a wave envelope representation of the EM field, this envelope in non-stationary regimes
depends on time and axial and azimuthal coordinates.
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FIG. 7. Same as Fig. 4, but Rb ¼ 10 6 0:25 mm.

Correspondingly, the EM field can be represented as an
azimuthally
rotating
wave envelope E / f ðz; t; uÞ


exp iðx0 t  m0 uÞ (here, x0 and m0 are the carrier frequency and carrier azimuthal index, respectively).
A gyrotron operation with the EM field represented as
an azimuthally rotating wave envelope was first studied in
Ref. 9. In Ref. 9, it was found that oscillations in a gyrotron
with parameters optimal for the maximum efficiency become
unstable when the normalized parameter W ¼ pb2?0 m0 , characterizing the azimuthal index of the operating mode,
exceeds a certain threshold value of about 25. (Here, b?0 is
the initial orbital electron velocity normalized to the speed
of light.) Then, in Refs. 13 and 14, a more detailed analysis
of the spatio-temporal chaos occurring in some regimes was
carried out, and the regions of stable operation were distinguished from the regions of automodulation, and those, in
turn, from chaotic oscillations. This work was continued in
Refs. 15 and 16 where the regions of stable operation in the
gyrotron parameter space were determined. It was shown
that the discrepancy between the theory based on the coldcavity approximation of all competing modes and the selfconsistent theory can be explained by the fact that the axial
structures of modes composing the wave envelope become
different due to the electron beam. It was also found in Ref.
15 that at low currents, the dependence of the gyrotron efficiency on the azimuthal parameter, W ¼ pb2?0 m0 , can have a
sawtooth shape.
The self-consistent set of equations includes the equation for electron motion, the equation for the wave envelope,
and corresponding boundary and initial conditions. The
equation for electron motion, i.e., for the normalized orbital
momentum of electrons, in the case of the fundamental
cyclotron resonance, has the standard form
dp
þ iðD þ jpj2  1Þp ¼ if ð1; s; wÞ:
d1

FIG. 6. Same as Fig. 3, but Rb ¼ 10 60:25 mm.

(3)

Here, p is the complex orbital electron momentum normalized to its initial value, D ¼ ð2=b2?0 Þ½1  ðX0 =xÞ is the cyclotron resonance mismatch between electron cyclotron
frequency at the entrance X0 and the wave carrier frequency
x, 1 ¼ ðb2?0 =2bz0 Þðxz=cÞ is the normalized axial coordinate,
and f is the dimensionless wave envelope. Below, we will
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w
1
ð
Þ
f s ¼ 0 ¼ a þ b sin 2p
:
sin p
W
1out

(5)

In (5), the parameter a defines the initial amplitude of the envelope, while the parameter b characterizes the initial azimuthal
nonuniformity of this envelope. Results presented below were
obtained for a ¼ 0:1 and b ¼ 0:01. The dependence of the
results on these parameters, i.e., on the initial azimuthal nonuniformity of the electron emission, was studied in Ref. 15.
Dependencies of the gyrotron orbital efficiency g? averaged over all electron beamlets with different azimuthal
coordinates are shown in Fig. 9. For these results, the normalized interaction length


1out ¼ p b2?0 =bz0 ðL=kÞ
(6)

FIG. 8. Same as Fig. 5, but Rb ¼ 10 60:25 mm.

analyze the quasi-stationary case, in which the electron
transit time via the interaction space is much shorter than the
time of wave envelope evolution T ¼ L=vz  jf j=j@f =@tj;
here, the term on the right-hand side is of the order of the
cavity filling time Q=x. As follows from our presentation of
the wave envelope above, we assume that this envelope
depends on three variables. Correspondingly, its evolution is
described by the partial differential equation
@2f
@f
@f
I
¼
i i
2
@1
@s
@w 2p

was chosen to be 1out ¼ 25:5 (this length sometimes is called
l). The reasoning behind this choice is the following: The
normalized interaction length 1out contains the interaction
length L, which usually is assumed to be the Gaussian width
of the field profile. From the field profile shape in Fig. 2, we
can assume that L ¼ 20 mm, which leads to the chosen value
1out ¼ 25:5.
According to Fig. 9, we can deduce that for beam currents of 55 A or 65 A, the 240 GHz gyrotron design exhibits
very high efficiency, i.e., its operation is not prone to azimuthal instabilities. Problems could appear for lower beam
current (45 A), and this has to be kept in mind. However, as
shown in Table I, the planned nominal operation will involve
a current of 55 A or higher.
It should be noted that the normalized interaction length
(6) cannot be defined unambiguously for realistic cases
because there is no rigorous definition of the interaction length
L in the case of the usual, non-Gaussian field profile of Fig. 2.
Consequently, only estimations of L can be used. The estimation used for the calculations of Fig. 9 is the most evident, in
our opinion. However, we should notice that a different estimation could lead to very different results. For example, if we
select L ¼ 14 mm, which corresponds to the length of the

2ðp

pd#0 :

(4)

0

The second derivative of this envelope on the axial coordinate in (4) follows from the fact that the
 gyrotronoperates at
frequencies near cutoff. In (4), s ¼ b4?0 =8b2z0 x0 t is the


dimensionless time and w ¼ b2?0 =2 m0 u is the normalized

azimuthal coordinate. In Eqs. (3) and (4), 0  1  1out .
The boundary conditions for (3) and (4) are discussed in
Ref. 15. In what follows we assume that at the entrance the
electrons are uniformly distributed over initial gyrophases
#0 . For our study, it is important to present here the initial
condition for the wave envelope

FIG. 9. Dependence of the gyrotron orbital efficiency g? averaged over the
number of beamlets on the azimuthal parameter W for several values of the
beam current parameter I. Here 1out ¼ 25:5 and D ¼ 0:42 ð B ¼ 9:53T Þ.
Vertical dashed line shows the position of W ¼ 23:4, which corresponds to
the 240 GHz gyrotron operating parameters.
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gyrotron operation without azimuthal instability were also
identified for two values of the normalized length of the
interaction space. The trend is that these regions can be
reached if the operating current of the gyrotron is increased.
However, since it is not straightforward for the moment how
to define the interaction length rigorously, this issue deserves
a separate study.
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FIG. 10. Same as Fig. 9, but for 1out ¼ 17:7.

straight section of the cavity (Fig. 1), we obtain 1out ¼ 17:7.
Then the results, shown in Fig. 10, indicate that at low currents 55 A and 45 A the dependence of the gyrotron efficiency
on the azimuthal parameter W has a sawtooth shape, which
leads to reduced efficiency for the 240 GHz design due to azimuthal instability. To avoid this and to achieve highly efficient operation, a current of 65 A should be used.
From the results above, it is clear that there is a possibility of azimuthal instability in the 240 GHz gyrotron design.
However, a proper selection of the beam current can always
remedy this. Given the uncertainties in the definition of L, a
more extensive separate study is needed to reach more specific conclusions.
IV. SUMMARY

The single-mode fixed-field approximation has been used
to examine the influence of a shifted and tilted electron beam
on the gyrotron efficiency. In particular, it has been applied to
an initial design for a MW-class, 240 GHz gyrotron. The
fixed-field approximation has been compared with some
results from self-consistent simulation. Based on these
assumptions, it has been found out that, in comparison to
existing MW-class gyrotrons and gyrotron designs at
170 GHz, the tolerances in tilt and shift decrease by a factor of
more than 2, despite the fact that the wavelength is only 30%
smaller. At the same time, it was seen that the degradation
caused by the tilting can be mitigated by a corresponding
shifting of the beam axis. Contrary to the shift and tilt, it was
seen that even an extreme guiding-centre spread in the electron beam does not have a significant effect on the efficiency.
Based on the theory of wave envelope representation of
the EM-field in the gyrotron cavity, the regions of stable
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