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ABSTRACT

Gyrotron has received extensive attention owing to its high-power
capability, particularly when the wavelength shrinks below the
millimeter-wave range. The electron beam of a gyrotron is typically
generated by a magnetron injection gun (MIG), and a mechanically tunable
MIG is employed to enhance the beam quality. However, a slight adjustment
in the position of the center electrode of the mechanically tunable MIG can
cause significant modification of the electric-field profile. Consequently, the
cathode current of the mechanically tunable MIG is not only dependent on
the cathode temperature, but also the relative position of center electrode. To
accurately determine the beam characteristics of the mechanically tunable
MIG, an improved computer program is employed to simulate electron
trajectories. Simulation and measurement results mdicate that although the
magnetic field and compression ratio do not influence the beam current of the
mechanically tunable MIG but the beam current of the MIG depends on the
cathode temperature and relative position of the center electrode. Finally, an
improved mechanically tunable MIG design is developed to enhance an beam
quality while minimizing beam current variation.

Key words: Magnetron injection gun, mechanically tunable magnetron
njection gun, gyrotron, gyro-TWT
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L INTRODUCTION

Various gyrodevices based on fast-wave interaction structures, such as
gyrotrons, the peniotrons, and the cyclotron autoresonance maser, are
currently receiving attention owing to their capacity for high-power
millimeter-wave generation [1]. The electron beam of such devices is
typically generated by a magnetron injection gun [2, 3]. In a MIG, electrons
originate from a ring-shaped thermionic emitter mounted on the cathode. An
electric field extends between the cathode and the anode, and a static
magnetic field is applied to bend, as well as focus the electrons. As soon as
leaving the cathode, the electrons experience a crossed electric and magnetic
field, thereby obtaining the spiral motion. The electrons thus form an anmual
beam with electrons executing small cyclotron orbits, as required for the
cyclotron resonance interaction.

The electric-field profile between the cathode and anode is most
sensitive to the configuration of the cathode surface. A single anode MIG
(Figs. 1 and 2) capable of mechanical tunability was developed by National
Tsing Hua University (NTHU) [4, 5]. Rather than the conventional approach
of assembling the cathode in one solid piece, the tip of the cathode is
designed as a mechanically detached piece referred to as the center
electrode fitted through the emitter ring. Therefore, a tuning mechanism is
provided by the axial movement of the center electrode with respect to the
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Fig. 1. Side view of the essential portion of the mechanically tunable
single-anode MIG under study.
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rest of the cathode assembly. Since the accelerating electric-field reaches its
maximum around the tip of the cathode, a slight adjustment in the position of
the center electrode can significantly modify the electric-field profile and,
hence the beam formation processes. In contrast to the intermediate anode
tuning, which shapes the electric field from outside the annular electron beam,
the center electrode tuning shapes the electric field from inside the beam
annulus. Therefore, the center electrode tuning method can be applied to
double-anode MIGs as a complementary tuning mechanism.

Previous gyro-TWT [4, 5] assumes that the operating point of the
mechanically tunable MIG is in the temperature limited region. The cathode
current 18 thus dominated by the cathode temperature. However, a slight
adjustment in position of the center electrode of the mechanically tunable
MIG can significant modify the electric-field profile. The beam current of the
mechanically tunable MIG is thus not only dependent on the cathode
temperature, but also the relative position of center electrode. The beam
characteristic of the mechanically tunable MIG is similar to the MIG
operating between the space-charge and temperature limited regions.

Baird and Lawson [2] suggested that the operating point of a MIG is
estimated by the ratio of the temperature limited cathode current density J;
to the Langmuir space-charge limited current density J,. in the trade-off
equations. The design in which Jy; /J<15% is generally free of space-
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Fig. 2. Front view and side view of the cathode assembly.
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charge problems, but merely estimates the value of J,; /Jg.. Longo [6]
found that the operating point of the thermionic emitter is generally the
transition from the temperature limited to the space-charge limited region.
Longo has employed an empirical law to study the cathode current density as
a combination of both temperature limited and space-charge hmited current
density.

To accurately determine the beam characteristics of the mechanically
tunable MIG, an improved computer program [7] is employed to simulate
electron trajectories. The program permits operating regions between
temperature limited and space-charge limited emission, and the initial input
formation of the program is described using the input formation of the EGUN
code [8]. The simulated cathode current density calculated from Langmuir's
and Richardson's laws [9, 10] is dependent on the cathode temperature and
the electric field of the cathode surface. The improved computer program {7]
thus seems to be appropriate for the mechanically tunable MIG

The rest of this paper 1s organized as follows. Section II describes the
computer model of the program. Section III then presents the beam
characteristics of the mechanically tunable MIG with different magnetic
fields, compression ratios, cathode temperatures, and the relative positions of
the center electrode. Furthermore, the measured results of the beam current
obtained from the laboratory electron gun are presented and compared with
the simulation results. Subsequently, Section IV develops an mmproved
mechanically tunable MIG design is developed for enhancing the beam
quality while minimizing beam current variation. Conclusions are finally
made in Section V.

IL. COMPUTER MODEL

The computer program is specifically designed for calculating electron
trajectories in electrostatic and magnetostatic fields. In the steady state, the
potential given by the Poisson equation can be expressed as

Vo =-£ (1)
&

where @ is the electrostatic potential, o is the space-charge density, and
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&, is the permittivity in the vacuum. The Poisson equation is solved by the
finite different method. Meanwhile, the semi-iterative Chebyshev method is
used to shorten the calculation time [8].

The electron trajectories are determined by the relativistic force
equation using the fourth-order Runge-Kutta method {8]

m%(yv):eVCD—-eva, @

where mis electron mass, y is a factor of relativity, v is the velocity of
electron, e is the magnitude of electron charge, and B is the total
magnetic field including external and self-consisting magnetic fields.

The operating point of the cathode emitter may be in the region
between the temperature limited and space-charge limited emission, so the
cathode current density J, from Longo's empirical formula can be expressed
as a combination of the temperature hmited current density Jy; and
space-charge limited current density Jg. [9, 10]

J, = Jse +Jm ‘
Jscdn,
The Jg. and J, calculated from Langmuir's and Richardson's laws [9, 10}
are expressed as

(€))

(1)3/2
Jse = k——d2 , @
- JE
Jo =12x10°T? exp(——l—l-éTM)exp(o.M——f’L) , &)

where k =(4/9)¢,\[(2¢/m) =2.335x10° (MKS), d is the normal
distance from cathode (cm), W is the cathode work function (eV), T is
the temperature of cathode ( OK), and E, is the component of the electric
field normal to the cathode (V/m).

HI. NUMERICAL SIMULATION AND EXPERIMENTAL
VERFICATION

A mechanically tunable MIG [4, 5] was developed at NTHU for a
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Ka-band , TEy; mode gyro-TWT. The specifications of the gyro-TWT were
V,=93.6 kV, I,=3 A, B,=125 kG a=0.9, and Av,/v,< 4%. Figure 3
displays a computer drawn cross-section of the final MIG configuration along
with electron trajectories and a superimposed plot of the axial magnetic field
profile.

Figure 4 displays the variation of the beam current with the axial
magnetic field in the mechanically tunable MIG The velocity ratio decreased
with increasing the axial magnetic field, and the simulated beam currents do
not appear to be dependent on the axial magnetic field. The measurement
results are consistent with the simulation results.

Figure 5 displays the beam characteristics as functions of the
compression ratio. Velocity ratio increased with the compression ratio
increased, while the beam current remained constant. The simulation results
correlate with the measurement results.

Figure 6 displays the simulated and measured beam currents of the
mechanically tunable MIG at the different beam voltages. As Fig. 6a
illustrates, the space-charge limited current increased with the anode voltages.
Meanwhile Fig. 6b shows the measurement results of the MIG The
simulation results are consistent with the measured results.
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Fig. 3. Schematic of a MIG for a Ka-band, TE;; mode gyro-TWT and calculated
electron trajectories. Also shown are the equal-potential lines and the magnetic
field profile. Radial and horizontal axes are scaled in unit of 0.025 cm.
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Fig. 4. (a) displays simulated and measured beam currents as functions of the
axial magnetic field. (b) shows simulated velocity ratio « and axial velocity
spread Av, /v, as functions of the axial magnetic field. The schematic of the
MIG is shown in Fig. 2.
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Fig. 5. (a) displays simulated and measured beam currents as functions of the
compression ratio. (b) shows simulated velocity ratio « and axial velocity
spread Av,/v, as functions of the compression ratio. The schematic of the
MIG is shown in Fig. 2.
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Fig. 6. (a) displays the simulated beam current at seven values of anode
voltage as functions of the cathode temperature. The work function of the
cathode is fixed to be 1.60 eV. (b) shows the measured beam current at seven
values of anode voltage as functions of the heater voltage. The schematic of

the MIG is shown in Fig. 2.
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Figure 7 displays the beam characteristics as functions of the relative
positions of the center electrode. Figure 7a indicates that the simulated and
measured beam currents decrease as the relative positions of the center
electrode increase. Meanwhile, Fig. 8 shows that the electric-potential profile
of the cathode surface varies with the relative positions of the center
clectrode. Consequently, the variation of the beam current of the
mechanically tunable MIG is influenced by the variation of the electric field
of the cathode surface as the center electrode moves. However, the variation
of the beam current is larger for the measured results than for the simulated
results as the center electrode moves. The discrepancy between the measured
and simulated results would be attributed to the current density can not be
completely described in Longo's empirical formula (Eq. 3). Longo's empirical
formula calculates the space-charge current density from Langmuir's law (Eq.
4), a formula that is appropriate for a parallel plane diode [9]. If the relative
position variation of the center electrode is obvious, the paralle]l plane diode
model appears inappropriate for simulating the electric field between the
cathode and anode of the mechanically tunable MIG Therefore, Langmuir’s
law appears somewhat inappropriate for calculating the beam current of the
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Fig. 7. (a) displays simulated and measured beam currents as functions of the
relative position of the center electrode. (b) shows simulated velocity ratio «
and axial velocity spread Av,/v, as functions of the relative position of the
center electrode. The schematic of the MIG 1s shown in Fig. 2.
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mechanically tunable MIG when the relative position variation of the center
electrode is obvious.

IV.IMPROVED MECHANICALLY TUNABLE MIG DESIGNS

To enhance the beam quality of MIGs, the mechanically tunable MIGs
are employed for tuning the beam quality of the MIGs, but the beam current
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Fig. 8. Simulated equal-potential lines and electron trajectories near the
cathode tip as the center electrode position is varied.
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is influenced as the center electrode of the mechanically tunable MIG moves.
The main goal of this section is to find mechanically tunable MIG designs
which can enhance beam quality while minimizing beam current variation.
The beam current of the pervious mechanically tunable MIG design
(Fig 2) is operating in 3A. The variation of the beam current is apparently
nfluenced by the movement of the center electrode, as shown in Fig. 7.
Clearly, the beam characteristics are sensitive to the relative position of the
center electrode. To degrade the variation of the beam current, an improved
mechanically tunable MIG design is developed as shown in Fig. 9. The center
electrode divides mto two separate parts, movable and fixed center electrodes.
Meanwhile, the beam characteristics of the MIG as functions of the relative
position of the center electrode are shown in Fig. 10. The variation of beam
current and quality is less than for the pervious MIG (Fig. 2). Consequently, the
MIG (Fig. 9) appears insensitive to the relative position of the center electrode
On the other hand, mechanically tunable MIG designs are not
necessary to be modified to degrade the variation of the beam current at all.
For instance, Fig. 11 shows a schematic of a mechanically tunable MIG
which was developed for Ka-band TEy, gyro-TWT [7]. The specifications of
gyro-TWT are ¥,=90 kV, [,=20 A, B,=128 kG =09, Av,/v, <5%,
and r,=0.28 cm. Figure 12 displays the beam characteristics as functions of
the relative position of the center electrode. The simulation results indicate
that the variation ratio of the beam current A 7, / /,, velocity ratio «,
and velocity spread Av_ /v_ is less for this MIG (Fig. 11) than for the
previous MIG (Fig. 3). The difference may be attributed to the cathode
current not being determined only by the electric filed of the cathode
surface. Consequently, the beam current is not proportional to the electric
filed of the cathode surface. Previous research [7] reported that the simulated
temperature limited and space-charge limited currents of the MIG are 21.1 A
and 395 A, respectively. From Longo’s empirical formula (Eq. 3), the beam
current is dominated by the cathode temperature. The variation ratio of beam
current A /, / I, is less obvious for this MIG than for the previous MIG
Therefore, the mechanically tunable MIG design does not need to be
modified to enhance the beam quality while minimizing beam current variation.
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Fig. 9. Front view and side view of the cathode assembly of the
improved mechanically tunable MIG
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Fig. 10. (a) displays simulated and measured beam currents as functions of
the relative position of the center electrode. (b) shows simulated velocity ratio

a and axial velocity spread Av,/v, as functions of the relative position of
the center electrode. The schematic of the MIG is shown in Fig. 9.
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Fig. 11. Schematic of a MIG for a Ka-band, TEy; mode gyro-TWT and

calculated electron trajectories. Also shown are the equal-potential lines and

the magnetic field profile. Radial and horizontal axes are scaled in unit of

0.025 cm.
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Fig. 12. (a) displays simulated beam currents as functions of the relative
position of the center electrode. (b) shows simulated velocity ratio a and
axial velocity spread Av, /v, as functions of the relative position of the center
electrode. The schematic of the MIG is shown in Fig. 11.
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V. CONCLUSIONS

The beam characteristics of a mechanically tunable MIG were studied
by using an improved computer program. The beam current of the
mechanically tunable MIG is not influenced by the magnetic field and
compression ratio, but is dependent on the cathode temperatwre and the
relative position of the center electrode. Finally, an improved mechanically
tunable MIG design is developed to enhance the beam quality while
minimizing beam current variation.

We recommend that an modified Langmuir's law which is not
restricted to a parallel diode would be developed for calculating the
space-charge limited current density The model might be useful for
simulating the beam characteristics of the mechanically tunable MIG
correctly.
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