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Sideband Mode Competition in a Gyrotron Oscillator
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We report the first observation of sideband mode competition in a gyrotron with an overmoded open
waveguide resonator. Experiments were conducted in a gyrotron operating in the TEs,2 mode at 146
GHz. Up to 600 kW of power was generated in 3-us pulses at 80 kV beam voltage and up to 40 A beam
current. A pair of sidebands was excited corresponding to the TE;s> and TE,7, modes offset by =5
GHz. A multimode, multifrequency, self-consistent time-dependent code predicts the excitation of the
sidebands with good accuracy.

PACS numbers: 42.52.+x, 52.35.—g, 52.40.Db, 84.40.Cb

Gyrotron oscillators are widely used for plasma heating
at the electron cyclotron resonance (ECRH) frequency.
As plasma devices increase in size and magnetic field,
higher power and higher frequency (w) operation of the
gyrotron are required. Power levels of at least 1| MW at
frequencies above 100 GHz are now under investigation
worldwide [1-3]. As the gyrotron power increases, the
constraints of cooling due to Ohmic loss in the cavity re-
quire an increase in the parameter Do/A, where Dy is the
(cylindrical) cavity diameter and A =2zc/w is the free
space wavelength, where ¢ is the speed of light. Typical
values of Do/A are in the range of 5 to 15 for megawatt
power level gyrotrons at frequencies of 100 to 150 GHz.
These values may be compared with Do/A=0.6 for a
TE;; mode cavity operating near cutoff.

Although mode competition has been observed in de-
vices with small D¢/A values [4,5], this paper reports the
first experimental observation of mode competition in an
overmoded gyrotron oscillator under conditions relevant
to the production of high average power.

Operation of gyrotron oscillators in highly overmoded
cavities raises many issues of mode competition and mode
stability [6-9]. Generally, operation of such gyrotrons
will occur under conditions where linear theory predicts
several modes to be unstable, that is, to have gain.
Single-mode operation is still possible under these cir-
cumstances provided the desired mode is able to non-
linearly suppress its competitors [6-8]. If the desired
mode is not effective in suppressing its competitors, they
may grow also and cause a reduction in device efficiency,
essentially by spoiling the quality of the beam.

The modes of a weakly tapered gyrotron cavity can be
approximated as TE,,,; modes of a circular cylinder cavi-
ty where m, p, and g are the azimuthal, radial, and axial
mode indices, respectively. The oscillation frequency  is
given by

0¥cl=ki=k32+k{, 4))

where k1 =vp,/Ro (the cutoff frequency is k.c), Rp is

the cavity radius, and vy, is the pth zero of J,(x). The
axial wave number, ky, is given by gz/L for a uniform,
closed cylinder of length L, where q is an integer. How-
ever, for an open cylinder, with a wall radius tapered with
axial distance to allow efficient coupling of the radiation
out of the cavity, the axial structure must be determined
self-consistently in the presence of the beam. To under-
stand possible forms of mode competition, consider the
condition for excitation of the cyclotron maser instability,

ow—kw;=Q, =eB/)'om s )

where v),v, are the axial and transverse electron velocity
components, fi=vi/c, BL=v./c, yo 2=1—pf—p1, B is
the axial magnetic field, Q. is the electron cyclotron fre-
quency, and e,m are the electron charge and mass. The
linear theory of the gyrotron indicates that Eqs. (1) and
(2) apply exactly in the limit of vanishingly small elec-
tron beam density.

Equations (1) and (2) are plotted in Fig. 1 for the case
of the TE¢, mode, which was studied experimentally,
and the nearby TEs, and TE;7, modes. Values of key
parameters in Fig. 1 are R9p=0.764 cm, B=5.73 T,
B1=0.255, and y=1.157 (80 kV). Figure 1 indicates
that excitation of the desired mode, TE;¢2, can occur
with simultaneous excitation of an unwanted mode such
as TE;s, since the beam line [Eq. (2)] intersects the
waveguide curve [Eq. (1)] for both the TEs; at ky>0
and TE,s, modes at k; <0. The simulation of Ref. [9]
(in particular, those described in Sec. 4) predicted that
mode competition with a backward-wave TE;s, mode
should be expected in the present cavity. This prediction
motivated the present experimental study. The beam line
does not intersect the TE 7, mode curve. Nevertheless,
the TE,7,2 can still be excited via a nonlinear, four-wave
mixing process [7] at a frequency w4+, where

20— W+ —W-1=6w=0. 3)

Here, wy and w—, are the frequencies of the TE¢, and
TE;s,» modes, respectively, and dw is the four-wave beat
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FIG. 1. Oscillations are possible at intersections of the cavity
dispersion line (parabola) and the Doppler-shifted beam line.
The assumed physical parameters are those of the cavity proper.

frequency mismatch. In addition, the azimuthal mode
numbers must satisfy a similar matching condition, viz.
my1=2mo—m—,, where m4+,=17, mo=16, and m —,
=15. The frequency w+; may be displaced somewhat
from the normal frequency of the TE;7, mode. For a
high-Q cavity, this displacement should be less than the
resonance width w+;/Q. However, for the relatively
low-Q cavity under consideration, where the beam is able
to significantly alter the axial structure of the modes, the
four-wave resonance condition can be satisfied as will be
shown.

The power and efficiency were calculated via computer
simulation for the tapered gyrotron resonator shown in
Fig. 2. For this cavity, the cutoff frequencies of the
lowest-order axial modes are 138.28 GHz for the TE;s;
mode, 145.29 GHz for the TE ¢, mode, and 152.27 GHz
for the TE 7, mode. The multimode, multifrequency,
time-dependent code used for these calculations has been
described in detail elsewhere [9]. In this code, the trans-
verse dependence of the radiation field is expanded as a
set of waveguide modes. Each of the modes has a time-
dependent axial profile which is determined self-consis-
tently by the response of the electrons and which satisfies
appropriate boundary conditions at both ends of the cavi-
ty. We have also included the effects of ac space charge
and electron beam energy and velocity spread.

Figure 2 shows a typical electric field amplitude profile
for the TE;s2, TEe2 and TE;7, mode triplet. The
backward-wave TE;s» mode is excited in the downtaper
that leads to the beam tunnel. Because the taper cuts off
this mode, backward-wave power is reflected toward
the gyrotron output window. The forward-wave mode
(TE,7,2) is cut off in the gyrotron cavity and must be ex-
cited at a larger radius corresponding to a location in the
uptaper, and propagates directly to the output window.
A key feature which allows for the excitation of the
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FIG. 2. Electric field amplitude as a function of axial dis-
tance for the TE;s2, TEy¢,2, and TE ;7,2 mode triplet. The beam
enters from the left and exits toward the gyrotron window on
the right. The middle of the 0.5-cm cavity is located at z =0.

TEs, in the presence of the TEq, is the fact that the
axial locations for the maximum of the electric field of
the two modes do not coincide. The TEs, mode is able
to access the free energy of the beam first and thus it can
grow. If the two modes are forced to exist at the same
axial location, simulations indicate that the TEi¢ > sup-
presses the TE;s [9]. For typical beam voltages (80 kV)
and currents (40 A), and a magnetic field of 5.7 T, the
theoretical frequency values of the TE ¢ mode and the
sideband TE;s> and TE;7,> modes are shown in Fig. 3 as
a function of @ (=B,/B1). Theory indicates that the
TE 6,2, mode power is about 0.5 MW for these experimen-
tal conditions.

The experiments were conducted on a gyrotron opti-
mized for operation in the TE ¢, mode at 146 GHz [10].
Electrons are produced from a thermionic cathode in a
magnetron injection gun (MIG) and are accelerated to
80 kV. The control-anode voltage was 24.5-25.0 kV.
The average electron velocity ratio {a)=(v )/{vy) was
measured using a capacitive probe [11]. In the cavity,
the beam radius was r, =0.53 cm. The cavity had a
straight section length L, =0.50 cm. The diffractive QOp
was = 310. The pulse length was about 3 us.

Two diagnostics were used to measure the frequency
and power of the emitted microwaves. Initial measure-
ments were made with a 5-cm-diam Fabry-Pérot etalon
using 50-line/cm wire meshes. The reflectance at = 140
GHz was measured [12] to be 0.966 and the resulting
theoretical intensity resolution Imax/Imin=3.3%10% or
about 35 dB. Frequency measurements were made using
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a calibrated wavemeter at the output of the Fabry-Pérot
etalon. The output of the etalon was sent through a cali-
brated attenuator to the detector diode. The attenuator
setting was adjusted to maintain a constant diode voltage
to minimize effects of possible diode nonlinearities. This
system gave relative intensity measurements to within 3
dB and frequency measurements to within 0.1 GHz. In
addition, independent measurements were made using a
single-ended mixer and yttrium iron garnet (YIG) tuned
filter. The sideband modes were beat against the TE ¢
primary mode and the difference frequency was sent
through the YIG filter. After calibration, relative powers
of about 45 dB were detectable. This system gave fre-
quency separations to an accuracy of about 0.05 GHz.
Intensity and frequency measurements from these two in-
dependent systems were generally in very good agree-
ment.

Figure 3 indicates the frequency measured for the
TE;s,2, TE¢,2, and TE7,, modes measured as a function
of the beam velocity ratio {a). The data were taken at 80
kV and 40 A. The experimentally measured frequencies
are equally spaced. The largest measured value of the
frequency offset dw/2x is about 100 MHz. Both the
theory and experimental data show the frequencies of the
TE;s,> and the TE7 ; shifted from their cold-cavity values
(138.28 and 152.27). The upshift of the TE;s, is con-
sistent with the backward-wave interpretation. The simu-
lated field profiles for the sideband modes shown in Fig. 2
are distorted significantly from what would be found in
an empty cavity.
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FIG. 3. Experimental (open symbols) and nonlinear self-
consistent code (solid symbols) frequencies for the TEj¢,2 (cir-
cles) main mode and the sidebands, TE;s. (triangles) and
TE7,2 (squares).

Figure 4 indicates the power in the TEs; and TE,7,
modes relative to that in the TE s, mode. Theory also
predicts very weak power levels in the sideband modes.
However, the theoretical values have been found to be
very sensitive to the form of the assumed distribution of
pitch angles of the injected electrons in the simulation.
For example, the results shown in Fig. 4 apply to the case
of a triangular-shaped distribution function suggested by
measurements [13] of the distribution of average parallel
electron velocities. The power in the TE|¢, mode was
about 600 kW for the experimental conditions of Fig. 4.

The present experiments are the first observation of
equally spaced sideband mode generation in a waveguide
gyrotron oscillator. Theory predicts the existence of such
sideband modes and also predicts the correct frequency
and power in the modes with good accuracy. The excita-
tion of sideband modes is dependent on the exact cavity
shape [9]. We have completed the design of a higher-Q
cavity (=900) in which, in initial experiments, no side-
band modes have been observed to the limits of the diag-
nostic sensitivity, and a significantly higher microwave
efficiency has been measured.
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FIG. 4. Experimental power relative to the TE;s2 mode
(open circles) measured by the Fabry-Pérot etalon and the cali-
brated YIG filter system for the (a) TE;s; and (b) TE;7;
modes. The computational predictions (solid circles) were
made using the multimode code.
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The power levels observed in the sideband modes are
low and one might consider that these modes would have
a minimal effect. However, sideband mode generation is
potentially of great importance in gyrotron oscillators.
First, the power measured outside of the cavity is indeed
low in the sideband modes. However, the field amplitude
and stored energy inside the cavity, as shown in Fig. 2,
are quite large. This can lead to heating of the cavity
walls and leakage of power toward the gun end of the
gyrotron (—z direction). The TE;s; mode in Fig. 2 is at
the cavity entrance. After the beam passes through the
large amplitude TE;s, mode field, it develops an energy
spread which can reduce the oscillator efficiency in the
TE 6,2, mode, the desired mode. Another potential prob-
lem with sideband modes is that they may affect the tem-
poral evolution of the oscillator. They may cause the os-
cillator to reach a different final state than the state that
would be achieved in a single-mode excitation. Sidebands
must also add spectral components which can interfere
with some applications of gyrotrons such as plasma scat-
tering.

Gyrotron oscillators in much higher-order modes, such
as the TE4; 7 mode at 280 GHz, are under investigation
for higher-frequency gyrotrons. The problem of sideband
mode excitation in such oscillators will be far more severe
than in the present experiment. The present results will
be useful in carrying out those experiments.
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