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The rapid frequency step-switching between two nearby cyclotron fundamental modes achieved by
switching beam energy is analyzed by a computer simulation and demonstrated experimentally.
More dramatic frequency switching between a fundamental mode and a second harmonic mode is

analyzed and demonstrated experimentally.

1. INTRODUCTION

Both frequency modulation and amplitude modulation of
gyrotron output are important and useful for extending gyro-
tron applications to many fields. Amplitude modulation has
been achieved in high power gyrotrons™ and also in high-
frequency gyrotrons.”™ The principle is as follows. The an-
ode voltage V, of a triode magnetron injection gun deter-
mines the pitch angle @ of a beam electron in the gyrotron
cavity, which in turn determines the efficiency of erergy
wansfer from beam electrons to the electromagnetic wave.
Therefore, modulation of the anode voltage V, results in
modulation of the output power from the gyrotron.

Our high-frequency gyrotrons covering the wide range
from millimeter to submillimeter wavelengths (Gyrotrons
FU I and FU IV) have demonstrated>* amplitude modula-
tion of their outputs, where in some situations only a few
percent modulation of V, causes almost 100% modulation of
the output amplitude. Furthermore, a linear dependence be-
tween V, and the amplitude is realized over a wide range of
gyrotron operating parameters. The modulation frequency
can be increased up to several hundred kHz>* or several
MHz.! A beam with such a modulation may be applied to a
phase sensitive measurement of plasma and other materials,
communications in millimeter to submillimeter wave region,
study of relaxation phenomena in plasma, and so on.

On the other hand, the frequency modulation of gyrotron
output has also been achieved by one of our high-frequency
gyrotrons {Gyrotron FU IVS7). The principle is as follows. A
gyrotron operates at a frequency f near the electron cyclotron
frequency f, or a harmonic nf, . Here, f,=eBy/27wm, where
e is the electric charge, m = gm, the mass of the electron, By

the static magnetic field, mg the rest mass and g=(1
~3%c%) "2 the relativistic factor. Therefore, the modula-
tion of the cathode voltage V,, of the electron gun causes a
modulation of beam velocity, which in tumn results in a
change in the electron mass m and then in modulation of f.
This kind of frequency modulation of gyrotron output can
only take place within a frequency range restricted by the
of the resonant cavity. The amount of frequency modulation
obtained is typically 20 MHz. The modulation efficiency
AfIAV, is around 0.25 MHz/V, which is smaller than the
variation of electron cyclotron frequency Af./AV, by a fac-
tor of 2.3. This difference is likely to be due to the way the
© of the resonant cavity restricts the operating frequency.’

In this paper, a different kind of frequency modulation,
rapid frequency step-switching, is described ®” If there are
two cavity modes whose operating frequencies are very
close, it becomes easy to switch from ope to the other by
switching the cathode voltage V,, to a new value. In this way,
a rapid frequency step-switching of gyrotrons can be
achieved.!? Here, we will describe both computer simulation
and experimental results of such frequency step-switching
between two electron cyclotron fundamental modes, and a
similar but more dramatic step-switching between a funda-
mental and a second harmonic mode. The frequency modu-
lation of gyrotron output may be useful for communications
and scientific measurements.

Il. EXPERIMENTAL APPARATUS

Figure 1 shows the experimental arrangement. The de-
mountable gyrotron (Gyrotron FU TI') or the sealed-off gy-
rotron (Gyrotron FU IV'?) have both been used. Both gy-
rotrons are frequency step tunable over a series of many
resonances in the millimeter to submillimeter wavelength
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FIG. 1. The experimental arrangement including the gyrotron oscillator,
power supplies, and measurement system.
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range. Gyrotrons FU III and FU IV have achieved frequency
step tunabilities from 100 to 636 GHz and from 160 to 847
GHz, respectively.

A pulsed high-voltage power supply, which can deliver a
maximum voltage of 30 kV and a maximum current of 1 A,
is connected to the cathode of the gyrotron’s triode magne-
tron injection gun. The voltage is divided by resistors and
applied to the anode of gun. The pulse width can be varied
up to 10 msec and the voltage can be modulated up to 25%.
The modulation frequency can be varied up to 5 kHz. In the
frequency step-switching experiment, square wave modula-
tion was used.

We used a Fabry-Perot interferometer for frequency
measurement. It can be used as a bandpass filter for separat-
ing one frequency from the other. This demonstrates clearly
that the frequency step-switching occurs. Alternatively,
when the cathode voltage is swiiched from Vj; to Vy,, the
frequency switching can be confirmed by sampling the out-
put first while the voltage is V}, and again while it is V,,
and measuring the frequencies in both cases by the Fabry-
Perot interferometer. :

Hil. EXPERIMENTAL AND SIMULATION RESULTS FOR
THE FREQUENCY STEP-SWITCHING BETWEEN
TWO FUNDAMENTAL MODES

For Gyrotron FU IV, Table I shows several cavity modes
operating at the fundamental of the electron cyclotron fre-
quency under the constant field intensity By of 14.6 T and

TABLE 1. Several cavity modes TE,,, which are able to operate at the
magnetic field intensity By of 14.6 T, corresponding frequency £, and cath-
ode voitage V,, .

Cavity mode Frequency f (GHz) Cathode voltage V,, (kV)
TE4 372.511 ~49.629
TE,; 376.755 ~43315
TE,, 379.863 ~38.779
TE,, 386.848 -28.852
TEg 4 391.348 —22.644
TE, , 407.643 -1312
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FIG. 2. Simulation results for beam current 7, to sustain 100 W output
power as functions of the magnetic field intensity B, . Two cases are shown:
V,1=22.6 (solid curves) and V,,=28.8kV (broken curves).

their corresponding cathode voltages V. For our experi-
ment, we have chosen the TE,,; and TEy,, modes. The cath-
ode voltages can be provided by the available pulsed high-
voltage power supply with maximum voltage of 30 kV.

For both cases of V;;=28.8 and V,,=22.6kV, com-
puter simulations give pitch angles « of 1.07 and 0.69, re-
spectively, and an injection radius of 0.81 mm for both cases.

These parameters are used for the subsequent calculation
of energy transfer in the cavity from the beam electrons to
high-frequency electromagnetic waves. Figure 2 shows the
results in terms of the beam currents /;, , which are necessary
to sustain 100 W output power for each cavity mode as. func-
tons of field intensity By. These results indicate that the
TE+4; and TEyy modes can indeed be switched if the cath-
ode voltage V), is switched between 28.8 and 22.6 kV.

This is supported by a measurement of the ontput power
by the pyroelectric detector current as a function of the cath-
ode voltage V. The constant field intensity of B, is 14.6 T.
The result is shown in Fig. 3. When V), is increased, the
cavity mode changes from TEgy to TE,y at around V,
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FIG. 3. Output power of TEgy, ami TE,4; modes as measured by a pyro-
electric detector as a function of the cathode voltage V,. By=14.6 T.
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FIG. 4. (a) High-voltage pulse applied to the cathode of an electron gun,
modulated by a 5 kHz square wave. {b) Upper trace: Ouipui power mea-
sured by a pyroelectre detector. Middle trace: The output power measured
after passing through a Fabry-Perot interferometer which is used as a band-
pass filter for the TE,, mode, Lower trace: The output power after the
intes nsed as a dpass filter for the TEy,; mode.

=24kV. If Vy, is switched from 19.5 to 27 kV (indicated in
Fig. 3 by dotted lines), the cavity mode should be switched
from TEgy 10 TEqyy. This means that there should be a
step-switching of the cutput frequency from 391 to 387 GHz.

Figure 4 shows a typical experimental result of the fre-
quency step-switching where the cavity mode is switched
from TEq to TEyy . The cathede voliage is applied as a 1
msec pulse [shown in Fig. 4(a)], and is switched between
19.5 and 27 kV. The switching frequency is around 5 kHz.
The upper trace of Fig. 4(b) shows the oufput power mea-
sured by a pyroelectric detector. The output power at the
phase of higher cathode voltage (V,=27kV) is separated
from that at the lower cathode voltage (V,=19.5kV) by
using a Fabry-Perot interferometer as a bandpass filter. The
middle and the lower traces show both the powers at the
higher and the lower cathode voltages, respectively.

Figure 5 demonstrates the resulis of frequency measure-
ments by sampling methods. The upper trace shows a Fabry-
Perot interferometer pattern, when the gate pulse covers both
phases of V;,=19.5 and V,=27kV. It is clear that two dif-
ferent frequencies exist. The middle and the lower traces
show interferometer output patterns, when the gate pulse is
adjusted to sample the output when V=195 and V,
=27kV, respectively. The measured frequencies are 3935
and 392 GHz. It is clear from these measurements that these
frequencies are not present simultaneously. The switching of
the cathode voltage V, results in the switching of the output
frequency f.

The measured frequencies (395 and 392 GHz) are
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FIG. 5. Fabry-Perot interferometer patierns. By>=14.6 T, V;,;=19.5kV, and
V3, =27.0kV. Upper trace: Ouiput power, when the gate pulse covers both
phases of V,= V}; and V=V, . Middle trace: Qutput power at V, =V}, is
sampled. Lower trace: Cutput power at V=V, is sampled.

slightly higher than the calculated values (391 and 387 GHz)
shown in Table I. These differences may come from the
measurement accuracy of the Fabry-Perot interferometer.

V. EXPERIMENTAL AND SIMULATION RESULTS FOR
THE FREQUENCY STEP-SWITCHING BETWEEN

A FUNDAMENTAL MODE AND A SECOND HARMONIC
MODE

Mext, we tried to switch the operating mode between a
fundamental and a second harmonic. In this case, the fre-
quency change is much more dramatic than in the previous
case. A frequency step of several hundred GHz has been
achieved. We choose the TE;; mode as the fundamental
made and the TFEg mode as the second harmonic mede.
The maguetic field intensity was chosen so that the beam
voltages required for both modes were very close.

Figure 6 shows the computer simulation results of beam
currents [, for Gyrotron FU III, which are necessary to sus-
tain several output powers for both modes, as functions of
the cathode voltage V), . The field intensity is set at the con-
stant value of 8.12 T. These results suggest that the switch-
ing between the two modes is possible by switching the cath-
ode voltage V.

Figure 7 shows the distributions of high-frequency elec-
tric fields in the cavity along the radial direction. The injec-
tion radius of beam electrons Ry, is adjusied at 0.75 mm, by
adjusting the intensity of magnetic field in the gun region.
This injection point of the beam is suitable for both excita-
tions of the fundamental and the second barmonic modes.

A typical experimental result is shown in Fig. 8. The
upper trace shows a high-voltage pulse applied to a gun cath-
ode. It is modulated by a square wave whose frequency is 5
kHz. This results in the swiiching of the cathode voltage V),
between V=242 and V,,=288kV. The lower trace
shows the output power measured by a pyroelectric detector.

Figure 9 shows Fabry-Perot interferometer patterns for
frequency measurements. Figure 9(a) shows the interferom-
eter pattern where the output power at V, =V}, is sampled
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FIG. 6. Simulation results for beam currents 7, to sustain coustant output
powers of several levels as functions of the cathode voltage V;, . Two cavity
modes, TE, mode at the fundamental operation and TE g mode at the
second harmonic operation, ate studied. The magnetic field intensity By, is
kept at the constant value of 8.12 T.

and Fig. 9(b) where the ouiput power at V)= V}, is sampled.
It is clear that the fundamental mode is excited when V,,
=V} and the second harmonic mode when V,=V,. The
fundamental corresponds to the TEy,; cavity mode at 223
GHz and the second harmonic to the TE 4, at 444 GHz, In
this case, the frequency step is greater than 200 GHz. This is
10 be compared with the previous case of switching between
two fundamental modes, where the frequency step was only
a few GHz.

In both cases described in this section and the previous
section, if the cathode voltage V), would be changed gradu-
ally, the first cavity mode disappears once, and after then, the
second mode appears, corresponding to the change of the
operation conditions. In the present experiment, the process
occurs very rapidly and, as a result, the rapid frequency step-
switching is realized.
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FIG. 7. The distributions of high-frequency electeic field in the cavity as
functions of a radial distance r. The injection radius Ry of beam electrons is
adjusted at 0.75 mm. The injection peint is suitable for both excitations of
TE 5, and TE 4, modes.
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FiG. 8. Upper txace: High-voliage pulse applied to the electron gun cathode,
modulated by a 3 kHz square wave, Lower trace: Qutput power measured by
a pyroelectric detector, Bp=8.12T, V;,;=24.2kV, and V,;=28.8kV.

A kind of hysieresis is pointed out in frequency
step-switching."® 1t is an interesting effect but our experi-
ment up to the present has not proved such an effect. The
more detailed experiment that we intend to do may make the
process clear.

V. SUMMARY

The switching of the cathode voltage of electron gun V,,
results in the switching of electron cyclotron frequency f, .
Gyrotrons operate near the electron cyclotron frequency f,
or a hatmonic nf,. Therefore, if two cavity modes are ca-
pabie of being excited at the same magnetic field intensity, it
is easy to switch from one cavity mode fo the other by
swiiching V. In this way, the frequency step-switching can
be obtained. Following this principle, frequency step-
switching is analyzed by computer simulations and demon-
strated experimentally for two cases using submillimeter
wave gyrotrons in Fukui University, Gyrotrons FU ¥ and
FU IV.

In the first case, the switching is between two fundamen-
tal modes. The frequency step is only 3 or 4 GHz. In the
second case, the switching is between a fundamental mode
and a second harmonic mode. In this case, the frequency step
is very much larger, more than 200 GHz.
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FIG. 9. Fabry-Perot interferometer pattems. By=8.12T, V;;=24.2kV, and
Vy2=28.8 kV. (a) The output power at V,,= V;, is sampled. (b) The output
power at V=V, is sampled.



Frequency step-switching of gyrotron output can be uti-
lized in a wide range of applications such as plasma diagnos-
tics, plasma heating, multichannel measurement of materials,
and so on.
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