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Abstract—The complete design of 35 GHz, 200kW gyrotron for
various material processing and heating applications is presented in
this article. The components of the device, such as Magnetron Injection
Gun, interaction cavity, collector and RF window, are designed for the
TEp3 mode. Various in-house developed codes (GCOMS, MIGSYN
and MIGANS) and commercially available codes (MAGIC, EGUN and
CST-MS) are used for the design purpose. A thorough sensitivity
analysis of the gyrotron components is also carried out. The designed
device shows the capability to generate more than 200 kW of output
power with more than 40% of efficiency.

1. INTRODUCTION

The gyrotron is a microwave vacuum device, capable to generate
hundreds of kilowatts of electromagnetic power in the millimeter
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and sub-millimeter wave spectrum [1,2]. The device is based on
the phenomena called Cyclotron Resonance Maser (CRM) instability
occurring during the interaction of the helically moving electrons
and RF [3]. The development of the gyrotron device was initiated
by the plasma physics community due to the requirement of high
power millimeter wave radiation source in the Electron Cyclotron
Resonance Heating (ECRH) of magnetically confined plasma [4].
At the present time, the gyrotron is a signature device for the
plasma fusion applications and expanding its influence in the other
areas of science and technology, like, material processing, THz
spectroscopy, atmospheric analysis etc due to various inherent
advantages of millimeter /submillimeter wave radiation over microwave
radiation [5,6]. The uniform and the localized heating are the main
advantages of millimeter wave radiation in the material processing
and heating [7]. Due to the short wavelength, the millimeter wave
radiation can be focused as a pencil beam and is used in the surface
treatment of materials [8]. Considering all these advantages, the
gyrotrons of low frequency ranges in the millimeter wave spectrum are
used in material processing applications [9-11]. The millimeter wave
frequencies of 24 GHz and 28 GHz have been investigated widely for
the material processing applications by the gyrotron community [11-
13]. 35GHz is also a popular frequency in the millimeter wave region
due to the natural atmospheric window at this frequency and thus
used in the communication and whether diagnosis applications [14, 15].
Some research groups have worked on this frequency to utilize it in
the material processing applications [16,17], but still 24 and 28 are
much popular. Fliflet et al. has been designed and used the gyrotron
operating at TEp; mode with the output power of 30-100kW in the
material processing application [16]. Barroso etal. has also been
presented the conceptual design and the experimental results of the
35 GHz gyrotron operating at TEge, mode and producing 100 kW of
output power [18]. It is planned to establish a material processing
(ceramic sintering) unit based on 35 GHz millimeter wave heating to
investigate the advantages or disadvantages of this frequency (like
densification, grain size, fast heating) in the material processing in
more detail. The gyrotron as a 35 GHz radiation source is the most
important component of this material processing unit.

In this paper, the detail design of 35 GHz gyrotron vacuum tube
operating at first harmonic for the material heating and processing
applications is presented. The schematic diagram of the gyrotron is
shown in Figure 1 with the description of different components. The
different components of the gyrotron will be joined together by various
techniques like brazing, flanges, TIG welding, etc. The axial coupling
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Figure 1. Schematic diagram of 35 GHz gyrotron.

Table 1. The design goal of the gyrotron.

Frequency (f) 35 GHz
Output power (Pout) > 200 kW
Efficiency (n) > 35%
Beam voltage (V) 65kV
Beam current (1) 10A
Wall loss < 1kW/cm?
Voltage Depression (Vy) | < 10% of V,

is chosen in the 35 GHz gyrotron just due to simplicity, although
the radial power extraction is better than the axial power extraction
due to its various advantages like the internal mode conversion of
the operating mode into Gaussian mode, the better separation of
RF power from the electron beam, etc. The design goals for the
35 GHz gyrotron are summarized in Table 1. To design the various
components of gyrotron like electron gun, magnet system, interaction
cavity, beam collector, RF window, the various in house developed and
commercially available computer codes are used. The design study of
35 GHz gyrotron proves more than 200 kW of output power at 40% of
interaction efficiency.

2. MODE SELECTION AND COLD CAVITY ANALYSIS

The various low order TE modes are studied carefully by using the
computer code GCOMS to fulfill the gyrotron design goals. Finally,
symmetric TEg3 mode is selected as the operating mode on the basis
of various mode selection parameters, like, the space charge effect and
the ohmic wall loading [19-21]. The cavity radius (R.) and the beam
radius (Rp) for the second radial maxima are calculated on the basis
of selected operating mode. The middle section length (L) of the
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Table 2. Frequency and Q factor with respect to cavity middle section
length.

Middle section Frequency (f) ]
lity f
length (L) in mm in GHz Quality factor (Q)
40 34.916 116
42 34.912 153
44 34.900 503
46 34.902 550
48 34.896 600
50 34.894 650
b2 34.889 703

10

Start Oscillation Current (A)

T T
1.30 1.35 1.45 1.50

Magneul': Field (T)

Figure 2. Start oscillation current curves with respect to the cavity
magnetic field.

interaction cavity is optimized on the basis of diffractive quality factor
calculations (5bA < L < 7)) shown in Table 2. Finally, 46 mm is chosen
as the interaction cavity middle section length. The ohmic wall loss
for the calculated dimensions of the interaction cavity is quite below
the limit as described in the Table 1. The input and the output taper
section geometries are optimized by using electromagnetic simulation
tool MAGIC based on the Particle-in-Cell numerical approach [22].
To analyze the mode competition in the interaction cavity, the Start
Oscillation Current (SOC) is studied. Figure 2 shows the SOC of
various competing modes including operating mode TEp3. TEg3 is
the most competing mode as it shows approximately the same start-up
condition. Overall, TEy3 mode is well separated from the neighboring
modes.
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Figure 3. (a) Normalized axial electric field profile in the interaction
cavity. (b) TEgs mode pattern in the interaction cavity at 34.9 GHz of
resonant frequency.
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Figure 4. Time evolution process of the electron beam phase during
the beam-wave interaction.

Figure 3 shows the cold cavity results obtained by the MAGIC
simulations. The normalized axial electric field profile with the
interaction cavity geometry and the operating mode pattern are shown
in Figures 3(a) and 3(b), respectively. The maximum electric field
strength is at the center of the cavity and indicates the standing wave
profile. In the output taper section, the RF field profile is like a
traveling wave, which is required for the efficient power extraction from
the middle section of the cavity.

3. BEAM-WAVE INTERACTION COMPUTATION

The beam-wave interaction takes place at the middle section of the
interaction cavity. The gyrating electron beam, emitted from the
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triode-type electron gun (discussed in next section in detail), launched
at the entrance of input taper section for the interaction. The same
electron beam interact with the RF, present in the cavity in the form
of TEg3 mode, and get collected in the specially designed circular type
of waveguide called collector (discussed in next sections). To maintain
sufficient beam-metal wall gap, the electron beam is launched at the
second radial maxima of the TEp3 mode. MAGIC code is used for the
beam-wave interaction and efficiency computations.

Figure 4 shows the evolution process of the electron beam phase
bunching with respect to time. As the electromagnetic wave energy
grows in time, the electrons bunched more effectively in phase within
their cyclotron orbit. At 125ns (stability time), the electrons bunched
very tightly, which indicates the efficient power is transferred to the
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RF. Figures 5 to 8 show the beam-wave interaction simulations results.
The frequency spectrum and the electron energy profile indicate the
stable oscillation of the operating mode and energy transfer mechanism
in the interaction cavity, respectively. The peak of gain in electric field
occurs at 34.9 GHz of frequency and surrounding of this peak, other
oscillations are suppressed completely. This indicates the power growth
in TEg3 mode because 34.9 GHz is the calculated resonant frequency
of the operating mode. The energy profile curve shows the maximum
energy transfer occurs at the middle of interaction cavity, which is
identical to the axial electric field profile as shown in Figure 3(a).
Figures 7 and 8 show the frequency and RF power growth in the cavity.
Some kind of noise oscillations takes place in the cavity up to 125ns
and after this time, the stability occurs in the power and the frequency
growth. Finally, 260 kW of output power is generated in the cavity at
1.34 T of cavity magnetic field with 40% of interaction efficiency. The
optimized interaction cavity parameters are summarized in Table 3.
The interaction cavity parametric analysis is shown in Figure 9.
The variation in the oscillation frequency is very small with respect to
beam current, beam voltage, magnetic field and electron beam velocity
ratio. The output power increases linearly with the beam voltage, while
the efficiency reduces with respect to the beam current because of the
space charge effect. The output power reduces approximately linearly
with cavity magnetic field. At the magnetic field of 1.33 T, the output
power and the operating frequency reduce drastically. The operating
mode is disappeared below the critical value of the cavity magnetic field

Table 3. Final interaction cavity parameters.

Middle section length (L) 46 mm
Input taper length (L1) 30mm
Output taper length (L2) 52 mm
Cavity radius (R.) 13.9mm
Input taper angle (6:) 3.5°
Output taper angle (62) 3.5°
Beam radius (Rp) 7.27 mm
Velocity ratio of electron beam (a) 1.4
Beam current () 10A
Beam voltage (V4) 65kV
Operating mode TEo,3
Quality factor (Q) 550
Cavity magnetic field 1.34T
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Figure 9. Interaction cavity parametric analysis. (a) Power and
frequency v/s beam voltage. (b) Power and efficiency v/s beam
current. (c¢) Power and frequency v/s magnetic field. (d) Power and
frequency v/s Electron beam velocity ratio.

1.33T and some other mode comes into picture. The critical limit of
detuned magnetic field is 1.33 T. The electron beam velocity ratio is a
very important beam parameter and plays the major role in the power
growth mechanism in the cavity. The peak output power is achieved
at o = 1.4 as shown in Figure 9(d).

4. MAGNET SYSTEM

In the present design, the magnet system consists of two independent
magnet coils, one is superconducting coil and other is gun coil.
Some other magnet coils are also used at the collector region for the
efficient electron beam spreading, discussed in the Section 6. The
superconducting coil mainly determines the magnetic field at the
interaction cavity region. The gun coil is placed above the emitter
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and mainly controls the magnetic field distribution in the gun region
for the efficient emission and formation of electron beam. The final
optimized magnetic field profile is shown in Figure 10.

5. ELECTRON GUN

The triode-type magnetron injection gun (MIG) is used as the gyrating
electron beam source. A 650kW MIG is designed for the 35 GHz
gyrotron tube. Two design goals are considered in the MIG design i.e.,
high transverse velocity of electrons and minimum velocity spread.
The initial MIG parameters which are essential for the modeling
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Figure 10. The optimized Figure 11. The designed MIG
magnetic field profile. with electron beam profile and
electrode geometry.

Table 4. The optimized electron beam and MIG geometry parameters.

Cathode magnetic field (B..) 952.9 Gauss
Cavity magnetic field (Bo) 1.34T
Average beam radius Beam radius (rp) 7.25mm
Velocity ratio (o) 1.39
Velocity spread (631 max) 3.48%
Larmour radius (r;) 0.529 mm
Cathode radius (rc) 27.15mm
Cathode slant length (i) 3mm
Cathode current densit (J.) 1A/cm?
Normalized perpendicular electron velocity (v, ) 0.37
Modulating anode voltage 29kV
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and the electron trajectory simulations are obtained by using the
analytical tradeoff equations [23-25]. The commercially available
electron trajectory code EGUN [26] and two in-house developed
code MIGSYN and MIGANS [23,27] are used for the MIG design
optimization. MIGANS is basically a post processor of the EGUN
code and is used to find out the different electron beam parameters like
electron beam velocity ratio, the average transverse velocity spread,
the larmor radius (r;), etc. Considering the technical limits, first
the shape of the electrodes including the emitter is optimized for
the low transverse velocity spread at the nominal beam parameters
and then the electron beam parameters at the interaction cavity are
optimized. The numerical calculations are performed in EGUN with
32 beamlets. The optimized values of the modulating anode voltage
and the accelerating anode voltage are 29kV and 65kV, respectively
with 10 A of beam current. Figure 11 shows the optimized geometry
of the MIG with the electron beam profile and the shapes of electrodes
obtained by the EGUN simulations. The optimized values of the
electron beam parameters by using EGUN are summarized in Table 4.

Figure 12 shows the sensitivity analysis of the electron beam
quality parameters (o and 00| max) Wwith respect to the cathode
magnetic field and the modulating anode voltage. The quality
parameters vary approximately linearly with respect to the cathode
magnetic field and modulating anode voltage.

6. BEAM TUNNEL

The beam tunnel is a lossy waveguide type of structure, used in the
gyrotron to absorb the backward RF propagation towards the electron
gun [19]. The structure is made of the periodic arrangement of the lossy
ceramic rings and the OFHC (Oxygen Free High Conductivity) copper
rings. The design of the beam tunnel is based on the methodology
described in detail elsewhere [28]. The spurious oscillations are the
major problem in the design of beam tunnel and a thorough analysis
of these kinds of oscillations is very necessary. The excitation of the
oscillations degrades the electron beam quality, which again affects
the beam-wave interaction in the interaction cavity and output power
performance. A detail analysis of the spurious oscillations in the beam
tunnel is described by Gantenbien et al. [29]. The similar geometry
of the beam tunnel is used in this gyrotron as described in [28]. The
lossy ceramic AIN-SiC is used in the 35 GHz beam tunnel to absorb
the backward RF propagation and to suppress the spurious mode
oscillations. The dielectric properties of AIN-SiC are summarized in
Table 5.
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Figure 12. Sensitivity analysis of electron beam quality parameters
i.e., Velocity ratio and transverse velocity spread v/s. (a) Cathode
magnetic field. (b) Modulating anode voltage.

Table 5. Properties of lossy ceramic material.

Loss Tangent (tand) 15
Relative Permittivity (e,) 0.25
composition 40 wt%SiC

7. BEAM DUMPING SYSTEM

The un-depressed collector is designed for the 35 GHz gyrotron due
to its easy fabrication. The EGUN code is used for the collector
design [30,31]. Approximately 60% of the electron beam energy after
the beam-wave interaction is dissipated on the collector wall. The
length and the radius of the collector have been optimized by the
analysis of the electron trajectory through EGUN simulation so that
the maximum beam spread can be obtained. The maximum electron
beam spreading reduces the heat loading at the collector wall which
again makes the thermal management of the collector much easy.
Three extra collector magnet coils are used to spread out the electron
beam. The position and the magnetic field strength data of the coils
are summarized in the Table 6. Figure 13 shows the magnetic field and
electron beam profile with the optimized collector length and radius.
The maximum achieved electron beam spread at the collector surface is
440 mm. At this beam spread, the heat dissipation at the collector wall
is 0.35 kW /cm?, which is sufficient below the critical limit (2 kW /cm?).
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Table 6. The collector magnet coils data.

Magnet coils .Position - Magnetic field strength (Gauss)
Axial Radial
Magnet A 800mm | 140 mm 370
Magnet B 900 mm | 140 mm 350
Magnet C 975mm | 140 mm 245

14000

'geom.dat——
‘traj.dat' ——

12000

10000
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6000

Magnetic field (gauss)
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o]
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Figure 13. Electron trajectories with the optimized collector
geometry.

8. RF WINDOW

The RF window is a very critical part of any gyrotron tube. This
system separate the ultrahigh vacuum environment inside the tube
(> 1077 torr) from the external system located in the normal pressure
environment. Due to the separation of two very opposite environments,
the window material must be very good in case of mechanical strength
and pressure gradient. Ideally, the generated RF power should be
transmitted through the window material without any reflection and
absorption. Considering all these aspects, various kinds of dielectric
materials like sapphire, SiN, CVD diamond, BN, Au doped Silicon, etc.
have been studied by various research groups to fulfill the mechanical,
thermal and electrical properties required in the design of high power
RF window [1,32,33]. In this design study, CVD diamond material
is selected as the window material due to its very good mechanical
and electrical properties summarized in Table 7. The CVD diamond
also provides good compatibility with the brazing and metallization
process. Due to the very good thermal conductivity of CVD diamond
and very weak dependency of the electrical parameters on temperature,
edge cooled single disk design is selected for this gyrotron.
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Table 7. Window material properties [27].

Permittivity 5.6
Los tangent 107°
Thermal conductivity | 10000
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Figure 14. Reflection character-  Figure 15. Reflection character-
istic of RF window for different istic for different disk diameter.
disk thickness.

The diamond disk thickness and the diameter are optimized by
considering the Gaussian beam profile in the window design. The
reflection parameter with respect to various disk thicknesses and
diameters is shown in Figures 14 and 15. The CST-Microwave Studio
(CST-MS) electromagnetic simulator is used for the simulations [34].
Finally, 76 mm of disk diameter and 4.02mm of disk thickness (d =

ni/ 2571"/ 2, A is the free space wavelength and e, is the permittivity of
window material) is chosen on the basis of minimum reflection and
absorption of the RF power.

9. CONCLUSION

The presented study shows the design feasibility and detail analysis of
various components of 35 GHz, 200kW gyrotron operating at TEgs
mode. The simulation results show 260kW of output power at
34.9 GHz of resonance frequency and 1.34T of cavity magnetic field.
On the basis of the decided design goals, a 650 kW of MIG is designed
with the electron velocity ratio of 1.4 and transverse velocity spread of
3.48%. The un-depressed collector is designed considering the 40% of
interaction efficiency (by cavity simulation results) and the very good
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electron beam spread (440 mm) at the collector wall is achieved. The
CVD diamond is used as the RF window material due to its excellent
thermal, dielectric and mechanical properties. The rigorous parametric
study of the components is also done, which will be helpful in the actual
fabrication of the device.
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