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SUMMARY

A large-orbit gyrotron (LOG) operating at higher
harmonics of the electron cyclotron frequency has been
constructed by use of a permanent magnet system whose
intensity is around 1 T. Operation tests have already been
performed successfully up to the fourth harmonic. The
operation efficiency is extremely high even at the third and
fourth harmonics, because of highly efficient interaction
between beam electrons and the high-frequency electric
field in the LOG. The test results of the LOG are summa-
rized.
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1. Introduction

Gyrotron development is advancing toward higher
frequencies and higher powers. The frequency of a gyrotron
is proportional to the intensity of the magnetic field, be-
cause the operation results from the “cyclotron resonance
maser” mechanism. Therefore, we need the high magnetic
fields which superconducting magnets-produce {1] in order
to achieve high-frequency operation. In this case, the treat-
ment of the whole system is somewhat complicated because
of the necessity of cryogenic devices, such as cryostats and
transfer tubes for liquid helium.

As described in this paper, if a permanent magnet is
used, the treatment of the system is much simpler and much
more compact [2]. The intensity of the magnetic field
generated by permanent magnet is 1 T. To achieve high-fre-
quency generation in such a low field intensity, we need
high-harmonic operation. Up to the present, high-harmonic

operation has been used in a few gyrotrons [3]. In almost
all cases, the second harmonic is used, and third-harmonic
operation is difficult in conventional gyrotrons.

The main reasons for the difficulty are mode compe-
tition [4] between the fundamental mode and higher har-
monic mode, and the lower efficiency of higher-harmonic
operation. In the large-orbit gyrotron (LOG), such prob-
lems are solved, so that highly efficient operation is
achieved at higher harmonics and pure single-mode opera-
tion is possible without mode competition [5, 6].

In this paper, development of the LOG, which has
excellent advantages over conventional gyrotrons, and the
results of operational tests of the LOG are described.

2. Operation Mechanism of LOG and Its Advantages

The LOG is characterized by its own special electron
beam trajectory. In LOGs, a large-orbit electron beam
whose guiding center is located at the center axis of the
cavity is used [7], while in conventional gyrotrons, the
guiding center is located at r = R in the cavity. When we use
such a large-orbit electron beam, the interaction with the
TEmn cavity mode at the s-th harmonic resonance is effi-
cient if s = m. This means that interactions with other cavity
modes with s # m do not occur and such modes are never
excited. Therefore, the LOG operates in a single. mode
without mode competition. As a result, the LOG has the
advantage of good mode selection.

When an LOG operates with the TE; cavity mode,
a beam electron is exposed to m cycles of high-frequency
fields during one period of its cyclotron motion. If the
harmonic number s is equal to the mode number m (s = m),
the gyration motion of the beam electrons is synchronized
with the TE,,,,, cavity mode and high-efficiency operation
is possible even at high harmonics because of highly effi-
cient energy transfer from the beam electrons to the elec-
tromagnetic wave. This advaniage allows the LOG to
operate easily at high harmonics.



Up to the present, large-orbit electron beams have
been gencrated by a cusp magunetic field. In this case, the
deviation of the guiding center from the center axis is not
small, and as a result the energy transfer efficiency from
beam electrons o electromagunetic waves is decreased and
the output power is also decreased.

As an alternative device, we (ried to produce an
axis-encircling large-orbit electron beam by using a gradu-
ally increasing field profile for development of highly effi-
cient, high-harmonic gyrotrons. Finally, we succeeded in
generating an electron beam with small deviation of the
guiding center by using a 1-T permanent magnet and a new
specially designed electron gun. Thus, we can achieve
third- and fourth-harmonic operations with an output power
of several kilowatts using a fairly low-energy electron beam
with V,, equal to about 40 keV.

3. Experimental Apparatus and Procedures

Figure 1 shows the cross section of the LOG. It
consists of a magnet system including a permanent magnet
and a gyrotron tube including an electron gun, a resonant
cavity, and an output window.

3.1 The magnet system
The magnet system of the LOG consists of many

elements made from Nd, Fe, and B. Figure 2 shows the cross
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Fig. 1. Schematic drawing of LOG device.
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Fig. 2. Structure of a permanent magnet (magnetization
of each element). The size is indicated in millimeters.

section of the magnet circuit and Fig. 3 the field distribution
in the z direction on the center axis. The region limited by
two broken lines (about 50 mm in length) indicates the
resonant cavity region; a uniform magnetic field is applied
there. The variation of the field intensity in the region is less
than 3.9%. For fine adjustment of the field intensity, two
additional coils are installed in the regions of the cathode
and cavity. A coil in the cathode region has 10 layers, each
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Fig. 3. Distribution of magnetic field of LOG magnet.



of which consists of 10 turns. The coil current can be
increased to :£15 A and the rate of change of the field
intensity is about 7 gauss/A. The coil in the cavity region
has seven layers, each of which consists of 74 trns, and the
rate of change of the field intensity is about 69.8 gauss/A.
The coil current can be increased to 320 A.

3.2 The gyrotron tubs

Figure 4 shows a cross section of the gyrotron tube.
n the region of the electron gun, electrons emitted from the
circular emitiing area are accelerated by the poteatial dif-
ference between the cathode and a body and a hollow
electron beam is formed. This is a diode-type electron gun.
The electrode surrounding the cathode directs the electric
field inward and ihe beam electrons follow the electric field,
because the magnetic field intensity is almost zero in this
region. It gradually increases with the beam electrons pass-
ing through in the z direction. The clectrons begin an
axis-encircling gyration motion under the influence of the
magnetic field. This situation is quite different from con-
ventional gyrotrons, where the guiding center of a beam
electron is located on a well-defined circle r = R [8].
Gyrating beam electrons leave an electron gun, follow the
lines of force, and enter the resonant cavity. In the case of
s-th harmonic operation, the radius of the cavity should be
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fig. 4. A schematic drawing of the gyrotron tube.
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Fig. 5. A shape of a cylindrical cavity.

designed so that the resonant frequency of the TEg,, mode
is equal to 5 times of the electron cyclotron frequency.

Figure 5 shows a cross section of the resonant cavity
in the gyrotron tube iHustrated in Fig. 4. The design of this
cavity is optimized for fourth-hanmonic operation. The
gyrotion tube is pumped out and high vacuum (p = 107
Torr) is maintained inside the tube. The electromagnetic
waves generafed in the cavity are emitied from the output
window. Therefore, we need to use low-loss material for the
window. In this gyrotron, the window is made of boroa
nitride (BN).

3.3 Measurement procedures

The roughly estimated output power of this gyrofron
is several kilowatts. The operation is in pulse mode witha
duty ratio of {/1000. We used a pyroelectric detector for the
detection of electromagnetic waves. For measurement of
the absolute value of the output power, we used 3 waler
toad. In this case, we could measure the output power from
the temperature increase of the water due to the absorption
of the electromagnetic waves. For monitoring the real
power absorbed by the water, a 1-W electrical heat source
was instafled and the temperature increase was compared
with the case of electromagnetic wave absorption. For
measurement of operating frequency, a frequency meler
with a cylindrical cavity and a Fabry-Perot interferometer
were used,

4, Experimental Results

4.1 Fourth-harmonic operation

As described already, fourth-harmonic operation oc-
curs in the TEy;, mode. In the cavity shown in Fig. 5, our
simulation results for efficiency indicate operation near a
field intensily of 1.07 T [8]..(See Fig. 6.) On the basis of
the simulation results, we performed a test of fourth-har-
monic operation. Figure 7 shows typical observed operat-
ing waveforras. It is seen that stable operation occurs during
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Fig. 6. Calculated results for operation efficiency.
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a i-ms pulse. Measurement of the output power was per- o5k e fgoni2A
formed with the water load. The temperature increase was e ) - | o-ige=tiA
0.08 °C per minute and the corresponding output power was b4 :i: 5:2? ]
estimated as 0.47 kW, £ oa) :‘j’_‘fgzzég ]
The frequency measured using a frequency meter 5 g Ige=DA

with a cylindrical cavity was 112.696 GHz. The variation ozr ]
of the output power was measured while varying several 9.1 .
parameters. In Figs. 8 and 9, the output power is plotied as 05h o ]
a function of the acceleration voltage V and the field inten- s
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Fig. 9. Output power as a function of cyclotron
frequency (field intensity is varied,
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Fig. 11.  Output power as a function of cathode voltage
{fourth-harmonic operation).

4.2 Third-harmonic eg}ez‘aaé@ﬁ

This gyrotron can be operated at other harmonics if
the field intensity is adjusted by an additional coil installed
in the cavity region. We attempted third-harmonic opera-
tion, where a higher output power is expected. In Fig. 10,
the measured output power is plotied as a function of the
magnetic field B, while B is increased from the value for
the fourth-harmonic operation. In the region of higher field
intensity, three peaks with higher output power are ob-
served. The corresponding frequency was 89.3 GHz. These
results indicate operation at the third harmonic with TE,,
cavity modes. As shown in Fig. 11, we sought the optimum
condition for third-harmonic operation by varying the field
intensities in the cavity region (8) and the gun region (the

current of additional coil in the gun region 1;.). The maxi- -

mum outpul power measured to date is 1.7 kW.

5. Summary

This paper describes the possibility of higher-har-
monic operation in an LOG using a permanent magnet. In
operating tests, a fourth harmonic at a frequency of 112.7
GHz and a third harmonic at 89.3 GHz were achieved. The
corresponding output power and efficiency were 0.5 kW
and 0.96% for the fourth harmonic and 1.7 kW and 3.3%

for the third. A typical beam energy is 40 keV. This rela-
tively high efficiency is obtained in high-harmonic opera-
tion by a rather low beam electron energy.

In the future, we will attempt higher-harmonic opera-
tion with longer pulses and also the application of LOG to
various objectives.
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