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NUMERICAL SIMULATION OF MAGNETRON INJEC-
TION GUN FOR 1MW 120 GHz GYROTRON
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Abstract—A 40 A triode-type magnetron injection gun for a 1 MW,
120 GHz gyrotron has been designed. The preliminary design has been
obtained by using some trade-off equations. Computer simulation has
been performed by using the commercially available code EGUN and
the in-house developed code MIGANS. The operating voltages of the
modulating anode and the accelerating anode are 60kV and 80kV,
respectively. The electron beam with a low transverse velocity spread
(081 max = 3.3%) and velocity ratio, &« = 1.38 at beam current = 40 A
is obtained. The simulated results of the MIG obtained with the EGUN
code have been validated with another trajectory code TRAK. The
results on the design output parameters obtained by these two codes
were found to be in close agreement. The sensitivity study has been
carried out by changing the different gun parameters to decide the
fabrication tolerance.
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1. INTRODUCTION

Microwave power at frequencies above about 100 GHz is used for the
heating of the magnetically confined plasma in the experimental fusion
devices [1,2]. Gyrotron is an efficient device for the generation of the
millimeter waves at such frequencies at the required power levels (>1
MW) [3]. The gyrotron is based on the cyclotron maser interaction
between the electromagnetic wave and the gyrating electron beam [4].
In the gyrotron, the source of the electron beam is a magnetron
injection gun (MIG), which produces annular electron beam with the
required beam parameters (Fig. 1). The cathode used in the MIG is
operated under the temperature limited region to minimize the electron
beam velocity spread. The electrons emitted from the cathode move in
the helical path under the influence of the cross electric and magnetic
fields. The efficient operation of the gyrotron depends on the quality
of the electron beam. Therefore, as per requirement of the electron
beam properties at the interaction region, some trade-off equations
are used for the initial design of the MIG. These equations are based
on the conservation of the angular momentum and the assumption of
the adiabatic approximation [5-7]. By using these equations, the gun
parameters such as the cathode radius (r.), the cathode-modulating
anode spacing (dgc), the emitter current density (J.), the electric field
at cathode (E.), etc. are estimated. Then the trajectory analysis
codes are used for the final optimization of the electrodes and the
beam properties on the basis of the operating parameters.

In India, an activity related to the design and development of
120 GHz, 1 MW gyrotron has been started. For the better performance
of the gyrotron and the other gyro-devices, an electron beam of good
quality is required [5-10]. A 3.2 MW triode-type electron gun has been
designed for this tube. The triode-type MIG has been chosen because
of its additional control on the electron beam properties. The MIG at
frequency of 120 GHz has already been designed as presented elsewhere
[11]. To characterize the quality of electron beam, maximum transverse
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Figure 1. Schematic view of the magnetron injection gun (MIG) with
electron beam profile.
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velocity spread of the electron beam (03} max) is used. The present
design predicts a better beam quality with respect to 51 max (3.3%)
at o = 1.38. To obtain the initial parameters for this MIG design,
a computer program MIGSYN in C++ has been developed [12-14].
Using MIGSYN, a range of cathode radius is found and any value of the
cathode radius within the range can be adopted for this MIG design.
Optimization of the MIG geometry has been performed by using the
commercially available code EGUN [15] and the in-house developed
code MIGANS [16,17]. MIGANS is basically a post processor of
the EGUN code and is used to find out the different electron beam
parameters like o (= 31 /3,), the maximum transverse velocity spread
(051 max), the larmor radius (r;), etc. Here, 3, and (3, are the average
transverse and axial electron velocities, respectively in the interaction
region normalized to the velocity of light (¢). The study has been
completed with the validation of the design by using another trajectory
code TRAK [18].

2. PRELIMINARY DESIGN

From the available literature on MIG [5-22], the design criteria have
been set up with respect to the different parameters related to the
cathode, the electron beam and the anode (Table 1). Here in Table 1,
Jr, is the space charge limited current density and 7. is the larmor
radius at cathode.

Table 1. Limits of various parameters in the MIG design.

Electric field at cathode (E.) 20kV/cm < E. < 60kV/cm
Magnetic compression ratio (fm) 10 < fm < 30

Gap factor (Dy = dac/71c) >3

Current ratio (J./Ji) < 0.2

Maximum transverse velocity spread (681 max) | < 5%

Cathode angle (¢.) > 25°

Cathode current density (J.) 1A/cm? < J. < 5A/cm?
Transverse-to-axial beam velocity ratio (o) <15

Relativistic factor (o) 11<vyw <12

Electric field breakdown (Ep) ( in vacuum) < 5kV/mm

It is envisaged to employ the gun in a 120 GHz gyrotron under
development to provide 1 MW CW RF output power. The electron
beam power has been estimated from the RF output power of 1 MW
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by assuming an RF output efficiency of about 30%. For a selected
operating mode, the interaction structure calculations determine the
magnetic field at the interaction region (Bp), the accelerating beam
voltage (Vp), the beam current (I), the average beam radius (r}) and
other beam properties at the interaction region. The mode selection
depends on several parameters, namely, the voltage depression, the
limiting current, the ohmic wall loading, etc., described in detail
elsewhere [5,6]. On the basis of the mode selection parameters and the
start up scenario in the interaction region [23, 24], the high order TEy ¢
mode has been selected as the operating mode and the electron beam
has been launched at the first radial maxima for the fundamental beam-
mode operation. The TEgs ¢ mode exhibits high coupling with the
gyrating electron beam. The beam current and the beam voltage have
been chosen on the basis of the interaction efficiency, the space charge
effect at the interaction cavity and the velocity ratio of the electron
beam [25,26]. The nominal beam parameters at the interaction region
are shown in Table 2. Further, using the design criteria presented in
Table 1, the value of the magnetic compression ratio has been selected
20. The selected value of f,, is the mean of the values shown in
the Table 1. Reflection of electrons at the magnetic mirror occurs
when the maximum transverse velocity of the electron beam (3] max)
approaches the total velocity (3p). The low value of @ (< 1.5) has been
chosen [5,6,27] to minimize the reflection of the electrons so that, the
maximum transverse velocity spread (3] max) remain below 5%. The
maximum transverse velocity spread is given by [5, 19]:
(BJ_ max — ﬂl)

(5ﬁj_max = T (1)

where (] max and [, are the maximum and the average values
of the transverse velocity of the electron beam, respectively. The
cathode-modulating anode and the modulating anode-accelerating
anode spacing have been kept as such that the voltage breakdown
could not occur.

Then, by using the trade-off equations derived by Baird and
Lawson [12,13], a computer program MIGSYN in C++ has been
developed. A detail study has been carried out by using MIGSYN
to see the effect of the cathode radius variation on the various MIG
parameters. Fig. 2 shows the selection method of the cathode radius
range through the observation of its variation on the gap factor (Dy),
the electric field at the cathode (FE.), the magnetic compression ratio
(fm) and the current ratio (J./.J;). Within the tolerable limits of these
parameters under the design criteria shown in Table 1, the range of the
cathode radius has been selected from 46 mm to 53 mm (Fig. 2). Any
value of the cathode radius within this range can be adopted for this
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Figure 2. A typical plot showing the suitable range for setting the
cathode radius satisfying all the physical constraints for the gun design.

Table 2. Nominal electron beam parameters.

Beam voltage (V) 80kV
Beam current (/o) 40 A
Output power (FPp) 1MW
Operating mode TE22 6
Magnetic field at the interaction region (Bp) 4.82T
Average beam radius (ry) 10.08 mm
Transverse-to-axial beam velocity ratio («) <15
Maximum transverse velocity spread (03] max) | < 5%

MIG design. Here, the design criteria regarding to the electron beam
velocity spread given in Table 1 has not been used in the preliminary
design, though it has been used in the electron beam analysis. Fig. 3
shows the two dimensional MIG geometry used for electron beam
analysis.

For the actual synchronization of the electron beam with the RF
at the interaction region, the magnetic field is always kept less than
the peak magnetic field. Here, the magnetic field at the interaction
region has been reduced from the peak value (4.95T) by a factor of
2.5% giving the value of By ~ 4.82T. The peak value of By at the
interaction region has been calculated by using By = f (GHz) vo/28s,
where f is the operating frequency, g is the relativistic factor and s
is the harmonic number [5, 6, 14].
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Figure 3. The two dimensional MIG geometry used for electron beam
analysis.

3. SIMULATION AND DISCUSSION

Based on the preliminary design, the trajectory analysis has been
carried out to optimize the electrode shapes and the electron beam
parameters. Various dimensions and the parameters for the trajectory
simulation are shown in Table 3. The computer simulation has
been performed by using the commercially available code EGUN. The
calculations have been performed with 16 beamlets. The main goal
of the triode-type MIG design is to launch the electron beam at the
fist radial maxima of the operating mode at the interaction region
with the minimum transverse velocity spread (03] max). Considering
the technical limits, first the shape of the electrodes including the
emitter has been optimized for the low transverse velocity spread at the
nominal beam parameters and then the electron beam parameters at
the interaction region have been optimized. After numerical simulation
of the MIG, the electrical parameters have been evaluated with the
help of MIGANS code. The EGUN simulation has thus provided the
optimized design parameters and the beam profile (Fig. 4, Table 4).
For a high current electron beam, the influence of the space charge
effect on the velocity spread is an important factor. To reduce the
space charge influence, ¢ (angle between the emitter surface and the
magnetic field line) should be greater than 25°. In this case the laminar
beam is formed and, therefore, the velocity spread growth with beam
current is reduced [8-10]. Fig. 5 shows the laminar beam profile near
the cathode. The calculated value of the maximum transverse velocity
spread due to the electron optics is approximately 3.3% at oo = 1.38.
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Table 3. Dimensions and parameters used in the trajectory

simulation.

Mean radius of the emitter (r.) 49 mm
Slant length of the emitting surface (I;) 3.84 mm
Slope angle of the emitter (¢,) 28°
Magnetic field at the interaction region (By) | 4.82T
Compression ratio (fp,) 20

Table 4. Optimized values of different MIG parameters.

Modulating anode voltage (V) 60kV
Cathode current density 3.2 A /cm?
Maximum transverse velocity spread (031) | 3.3%
Transverse-to-axial beam velocity ratio («) | 1.38
Average beam radius (r) 9.95mm
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Figure 4. MIG with the electrode geometry, the beam profile and the
magnetic field profile optimized by using EGUN code.

For the sake of simplicity, the influence of the surface roughness and the
cathode temperature on the beam parameters has not been considered
in the calculation of the maximum transverse velocity spread. This

aspect will be considered in due course of time.
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Figure 5. Optimized beam profile near the cathode by using the
EGUN code.

Table 5. Comparison of the EGUN and the TRAK results.

Parameters EGUN results | TRAK results
Transverse velocity (5) 0.35 0.36
Trans'verse-“co—amal beam 1.38 1.4

velocity ratio («)

Average beam radius (rp) | 9.95mm 10 mm
Maximum transverse 3.3% 3.5%

velocity spread (65 max)

4. DESIGN VALIDATIONS

To validate the design of the MIG for 120 GHz gyrotron, another
trajectory code TRAK has been used. The initial parameters and the
geometry were same as used in the EGUN simulation. In the TRAK
simulation, the numerical calculations have been performed with 16
beamlets. Table 5 shows the comparison of the results. The final
values obtained in the TRAK simulation show good agreement with
the EGUN results. Fig. 6 shows the beam profile achieved by using
the TRAK code.
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Figure 6. MIG with the electrode geometry and the beam profile
optimized by using TRAK code.

5. SENSITIVITY ANALYSIS OF THE MIG
PARAMETERS

During the fabrication and operation of the device, it is very difficult to
maintain the MIG operating parameters fixed. A small change in the
MIG parameters affects the beam-wave interaction which leads to the
change in the output power. Thus, it is necessary to analyze the effect
of the variation of the various gun input parameters, namely, the beam
voltage (Vp), the cathode magnetic field (B,.), the cavity magnetic
field (By) and the modulating anode voltage (V) on the beam quality
parameters (« and 03 max) (Figs. 7-10). The transverse velocity (3, )
and the transverse-to-axial beam velocity ratio («) at the interaction
region under the adiabatic condition are given by [5]:

2 Eecospen 1 fal® Vacos® dep

B.. Y0¢ Be reln (1 + Df:u)

B
RGP e ¥
Here E. is the electric field at the cathode, 7q is the relativistic factor,
Dy is the gap factor between the cathode and the modulating anode,
¢ep is the angle between the emitter surface and the magnetic field
line, r. is the cathode radius, f,, is the magnetic compression ratio
and p is the cylindericity parameter.

The amounts of the sensitivity of a to the various gun
input parameters obtained by the EGUN simulation and analytical
calculations (Figs. 7(a)-10(a)) agree to a large extent. Further, the
value of a and 03 max decreases with the increase of the cavity
magnetic field (Fig. 7). In adiabatic flow of the electron beam,
the transverse velocity of the electron beam depends inversely on the
cathode magnetic field. For a fixed magnetic compression ratio, the

(2)

ﬂJ_ ~ /YOCfm
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value of the transverse velocity (see 2) and, consequently, the value
of a decreases with the increase in the cathode magnetic field. The
value of « is found to be very sensitive to the value of the cathode
magnetic field, changing from 1.44 to 1.18 as the magnetic field is varied
from 0.24T to 0.25T (Fig. 8(a)). The value of 63 max also decreases
with increase in cathode magnetic field (Fig. 8(b)). According to the
scaling laws of adiabatic flow for triode-type gun, the influence of the
beam voltage on the transverse component of the beam velocity is
negligible [5]. But with the increase in the beam voltage, the value of
the axial velocity of the electron beam increases and, consequently, the
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Figure 7. Effect of the cavity magnetic field variation on the beam
quality parameters.
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Figure 10. Effect of the modulating anode voltage variation on the
beam quality parameters.

value of a decreases (Fig. 9(a)), while the value of 63 ax increases
(Fig. 9(b)). Further, with the increase in the modulating anode
voltage, the value of « increases appreciably (Fig. 10(a)) and, therefore,
the value of 03, max increases (Fig. 10(b)).

6. CONCLUSION

In this paper, the design of a triode-type MIG for 120 GHz, 1 MW
gyrotron has been presented. The design of the MIG has been
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achieved by using the adiabatic trade-off equations and the electron
trajectory code EGUN. Good enough quality electron beam with a low
transverse velocity spread (03 max = 3.3%) and o = 1.38 at the beam
voltage = 80kV and the beam current = 40 A has been predicted.
The design obtained by using the EGUN code has been validated
with another electron trajectory code TRAK. Results obtained using
both the codes are in good agreement. The sensitivity analysis of the
MIG parameters with respect to the beam quality parameters like o
and the maximum transverse velocity spread has also been analyzed.
The MIG parameters like magnetic field at the cathode centre and the
modulating anode voltage affect the beam quality parameters critically
while the latter are less sensitive to the magnetic field at the cavity
center and the beam voltage. The present sensitivity analysis is thus
useful in the design of an MIG while deciding the tolerance in the
electron beam and magnetic field parameters.
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