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Abstract

Solar Power Satellites face the challenge of extremely high production costs as they require several launches for
space-based assembly. 3D printing the parts of Solar Power Satellites in space can reduce these launch costs drastically.
The main issue arises when attempting to 3D print technological components such as the cavity magnetron. This paper
showcases the design and modelling process for 3D printing a magnetron using conductive materials. The method
specifically shows how each part of the cavity magnetron is modelled, simulated and then printed. The initial iteration of
the magnetron uses copper due to its high electrical and thermal conductivity required for the operation of the magnetron.
Further iterations of the magnetron will be printed in materials that can be obtained from a lunar environment such as
aluminium. This paper examines the feasibility of 3D printing the components of a cavity magnetron for use in Solar

Power Satellites, as well as the possibility of using lunar materials for 3D printing.

Acronyms/Abbreviations

SPS = Solar Power Satellite
DED = Directed Energy Deposition
L-PBF = Laser-Powder Bed Fusion

1. Introduction

Solar Power Satellites (SPS) are systems capable of
providing renewable energy through the process of con-
verting uninterrupted solar energy into a form that can
be received on Earth [1]. There are two main methods
used for power transmission by SPS systems: laser power
beaming and microwaves. Microwave SPS are the systems
that this paper is considering. These SPS systems consist
of solar cell arrays that convert solar energy into electric-
ity and feed to microwave generators such as a magnetron
[2]. The magnetron would then be able to transmit a very
low power microwave beam safely to a receiver on Earth
via an antenna as seen in Fig.1. This process could po-
tentially supply the world’s power grids, allowing for a
cleaner more sustainable future.

The issue that arises with implementing SPS system, is
the large costs that are required for transporting the satel-
lites in space as well as producing the satellites [2]. These
costs could be reduced significantly by making use of lu-
nar resources. Using metal powders made of elements
found in the lunar environment can allow the components
of the SPS system to be 3D printed, using methods such
as Directed Energy Deposition (DED) or Laser-Powder
Bed Fusion (L-PBF), in space rather than manufactured
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Fig. 1. Representation of an SPS System Using Mi-
crowaves [3]

on Earth. The challenge then becomes, how the more
complex components such as the magnetron could be 3D
printed. This paper discusses the initial steps that are be-
ing taken to showcase a proof of concept for the 3D print-
ing of a magnetron. First a 3D printed magnetron made of
copper would be developed and tested. If this is functional,
then an attempt at 3D printing a functional aluminum mag-
netron would be made. The aluminum magnetron would
serve as a proof of concept that lunar materials can be used
to 3D print the more complex components within the SPS
system.
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1.1 Magnetron theory of operation

Prior to designing a 3D printed magnetron, the the-
ory of operation needed to be understood. The magnetron
oscillator is a Vacuum Tube oscillator that generates mi-
crowave signals by transferring energy from an electron
stream to a radio frequency (RF) field [4]. The basic struc-
ture of the magnetron consists of two main components:
the cathode and the anode. The cathode is a cylindrical
solid structure that is placed within the anode on its axis.
The anode is a cylindrical structure with several cavity res-
onators. The outer wall of the anode can be considered the
inductive element, while the tips of the vanes are the capac-
itor region. The general arrangement within a magnetron
can be seen in Fig. 2.
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Fig. 2. General Arrangement of a Magnetron [5]

Typically, the magnetron is made using materials such
as Copper for the anode and Thoriated Tungsten for the
Cathode. These are materials not are not commonly found
in large enough quantities in a lunar environment, thus an
investigation into whether a magnetron can be made of al-
ternative metals such as aluminum is important for the vi-
ability of 3D printing the structures using lunar resources.

In the magnetron, the cathode is heated through a pro-
cess known as ohmic heating. This causes electrons to
be emitted from the cathode and accelerated towards the
anode due to the voltage potential established across the
anode. The magnetron structure is operated between two
strong magnets which establish a strong magnetic field be-
tween the anode and cathode. This produces a force that
is perpendicular to the DC field on each electron. This
causes the electrons to move in a spiral fashion away from
the cathode. As the electrons reach the anode, they are
influenced by the RF fields at the vanes and either slow
down or accelerate depending on the direction of the RF
field. Electrons that slow down will move towards the an-
ode while the ones that are accelerated will curl away from
the anode [6]. This results in a collection of electrons in a
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spoke formation near the anode as seen in Figure 3.

Fig. 3. Spoke Formation of Electrons in the Magnetron [6]

The theory of operation was used to ensure that an un-
derstanding of what is needed to create a functional mag-
netron is maintained while creating a design and model.
The model designed in this paper takes into account the
constraints required for 3D printing processes as well as
the required details for proper magnetron operation.

2. Design and modelling process

The steps taken to produce a model of magnetron was
to first observe the construction of a magnetron by decon-
structing a commercial magnetron that is meant for house-
hold microwave ovens, then initial measurements were
taken to act as a reference point when performing design
calculation. The design calculations were done to obtain
design parameters for different aspects of magnetron. The
magnetron’s performance heavily relies on the measure-
ments of the various components, such as anode height,
the number of vanes and the diameter of the interaction
space. These parameters were considered before creating
amodel of the magnetron that could be simulated and then
printed.

2.1 Magnetron disassembly

Prior to purchasing a commercial magnetron for de-
construction, verification was needed to ensure that the
ceramic seals used in the magnetron did not contain Beryl-
lium Oxide. Beryllium Oxide is a material that was com-
monly used in the manufacturing of commercial mag-
netrons and it is highly toxic in a dust form. If the ceramic
seals were made of Beryllium Oxide and if they were to
break during the disassembly process, it would have been
very dangerous. However, the manufacturer was able to
verify that the 2M214 continuous wave magnetron did not
use Beryllium Oxide and so this was the magnetron that
was chosen as a reference.
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Fig. 4. Magnetron Tube for the 2M214

The commercial magnetron structure was composed
of a steel housing encasing the magnetron vacuum tube.
within the housing, the vacuum tube was sandwiched be-
tween two ferrite magnets and six aluminum fins. The
steel housing was removed along with the capacitor and
choke coil in the filter box. The magnets were then re-
moved and put aside for potential use with the 3D printed
magnetron. The aluminum cooling fins were removed
leaving behind the magnetron tube structure as seen in Fig.
4.

Fig. 5. Cross-Section of the 2M214 Magnetron

The large cylindrical section of the magnetron was sep-
arated from the top and bottom ceramic seals allowing the
internal structure of the magnetron to be observed. The
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2M214 consisted of a 10 vane anode with a filament cath-
ode wrapped around a rod and connected to an endcap.
The vanes were connected by two strapping rings which
alternated in contact points between the vanes as seen in
Fig. 5. The dissected Magnetron was measured for ref-
erence dimensions. The noted parameters are shown in
Table 1. These parameters were then used as a baseline
for the design calculations of the magnetron.

Table 1. 2M214 Physical Parameters

Measured Parameter Symbol  Value
Anode Outer Rim Radius 74y, 20mm
Anode Inner Radius Tana, Smm
Anode Height h 20mm
Number of Vanes N 10

Vane Length v 12.6mm
Vane Thickness Vg 2mm
Cathode Radius Te 3mm

2.2 Design calculations

The primary design parameters that need to be consid-
ered include the frequency, power output and voltage [7].
The commercial magnetron provided frequency, power
output and voltage values as being 2.46GHz, 950W and
4.4kV respectively. Rather than designing for the commer-
cially used 2.46GHz frequency used by the commercial
magnetron, a 5.8 GHz was chosen instead as discussed in
[3]. The measurements for the physical design of the com-
mercial magnetron were used as a basis to begin the design
process. While the commercial design used 10 vanes, 8
vanes were chosen to simplify the design. For the design
of the 3D printed model, the most basic version of the mag-
netron was designed. The number of vanes chosen was
used to determine the m-mode or non-degenerative mode
of the magnetron using (1).

n=- (1]
An initial cutoff static magnetic field, By, was found using
(2) so as to establish the largest magnetic field that could
be applied. The values e and my are the electron charge
and the mass of the electron at rest, respectively. The con-
stant e was taken to be —1.602177 x 10~ C while the m,
was taken as 9.10939 x 10~3'kg. A condition that needed
to be considered when selecting an applied magnetic field
Bgpp value is shown in (3).

2mows 1
BO = u : 2
ne 1-1%)

2
Ta

(2]

Page 3 of 9



75% International Astronautical Congress (IAC), Milan, Italy, 14-18 October 2024.

Copyright © 2024 by the International Astronautical Federation (IAF). All rights reserved.
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The potential between the anode and cathode (the ap-
plied voltage) was determined as a value between limits
that are defined by the Hartree Voltage (4) and Hull cut-
off voltage (5). The Hartree voltage is the minimum DC
voltage at which the electrons can reach the anode while
influenced by an RF field for a given magnetic field while
the Hull cutoff voltage is the maximum operating voltage
for the magnetron [5]. These limits define the operating
region of the magnetron [8]. When selecting the applied
voltage, V,,p, it had to meet the condition set in (6).

7"2 r2 w 7“2 m /w2
Vir = an;, 1_ c ‘B — ang, 'Y (7) 4
T 2 ( r?m> n 2 e \n 4
Vo= a2 (1o g2 [5]
°7 8m @mir r?mir °
Vi < Vapp < Vo [6]

Table 2 outlines the design parameters that were calcu-
lated. The values shown are the results after adjustments
were made to the initial physical dimensions. The changes
made include increasing r. to 4mm. These changes al-
lowed the applied voltage and applied magnetic field to
meet the conditions outlined in (3) and (6).

Table 2. Designed Parameters for an 8-Vane 5.8 GHz
Magnetron

Design Parameter Symbol  Value
Operating Frequency f 5.8GHz
Number of Vanes N 8
m-mode n 4
Applied Magnetic Field B, 0.08T
Applied Voltage Vapp 3.5kV

2.3 Model creation

When creating a 3D model of the magnetron, consid-
erations needed to be made with regards to the printing
process. Processes such as DED or LPBF are not able to
print overhanging structures without the addition of sup-
port material which can result in inaccuracies in the final
product as manual post-processing of the print would be
required. The best way to deal with this issue currently is
to ensure that supports are minimised through proper de-
sign and orientation [9]. The research done in [10] showed
that inclination angles have the strongest effect in predict-
ing the manufacturability of a design as it was closely re-
lated to positional errors and surface quality. Thus inclina-
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tion angles in the magnetron design were limited to 60° or
45°. The maximum thickness for any of the components
modelled was 1.0mm which meant that several aspects of
the magnetron needed to be increased in size. Given these
constraints, the design of the magnetron needed to be ele-
mentary.

Autodesk Fusion was used to create a 3D model of
the magnetron. The magnetron was separated into differ-
ent segments to accommodate the constraints required by
the 3D printing process. Hence the magnetron was sepa-
rated into 11 segments: top section, bottom section, anode
chamber, cathode, probes, antenna, antenna cap, steel cap,
top ceramic seal, bottom ceramic seal and a vacuum port.
The 3D models assembled together to form the magnetron
can be seen in 6. Every part of the magnetron model
was designed for 3D printing, but due to equipment con-
straints, the cathode structure, steel cap and the ceramic
seals would not be printed in this paper. The tungsten
filament can be created through additive manufacturing
processes through wire extrusion and mechanical winding.
Steel can be printed using DED or L-PBF and Alumina
can be printed using Stereolithography as shown by [11],
but at the time, these were not an accessible options.

Fig. 6. 3D Model of the Assembled Magnetron

The simulation process, did not require the full mag-
netron assembly given the tests that were run. The anode
and cathode were the only components required as well as
a model of the vacuum space within the magnetron. The
model that was used within the simulation environment is
shown in 7.
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Fig. 7. 3D Model of the Internal Magnetron Structure

3. Magnetron material simulation

CST Studio Suite is a software package that is used
for 3D electromagnetic analysis. It contains CST Parti-
cle Studio which can be used for the analysis of mag-
netrons. Eigenmode Analysis and Particle Tracking are
two simulations that are performed on magnetrons typi-
cally. These simulations were chosen to evaluate the ef-
fectiveness of three different materials, perfectly electric
conducting (PEC) material, copper and aluminium. The
PEC material is a default material provided by CST Studio
Suite and was used to emulate perfect operating conditions
for the magnetron. The results obtained from the simula-
tions for this material were used as a baseline to determine
how well the copper and aluminium magnetrons operated.
The second material evaluated was copper which was cho-
sen as it is the material that is commonly used for com-
mercial magnetrons. Aluminium was the final material
evaluated which was selected as it is a material that can be
found in lunar environments.

3.1 Eigenmode analysis

Eigenmode Analysis is used to determine the reso-
nant modes and the electromagnetic field patterns of the
magnetron [8]. The main goal of using an Eigenmode
solver for Eigenmode Analysis is to verify the dimensions
chosen for the magnetron to ensure that it operates in -
mode. The dimensions for the anode height, inner an-
ode radius and vane thickness cannot be found using for-
mulas or equations and must be found through an iter-
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ative process in the Eigenmode simulation process [8].
Two different solvers can be used for Eigenmode Analysis:
Advanced Krylov Subspace (AKS) or Jacobi-Davidson
Method (JDM). The AKS solver uses a predefined fre-
quency interval while the JDM solver has no frequency
limit but has a much larger solving time which is not al-
ways necessary depending on the scale of the magnetron
[8].

The Eigenmode Analysis in this project makes use of
the eigenmode solver in CST Studio Suite. In order to re-
duce the solver time an AKS solver was used for the anal-
ysis. Since the eigenmode analysis is a cold test for the
magnetron the boundaries were set so that the tangential
electric field was 0 in all boundary directions. In CST Stu-
dio Suite, the anode and cathode were removed from the
simulation environment leaving behind the vacuum filled
interaction space for the Eigenmode solver. The frequency
range for the simulation was then set as 0 to 12GHz. The
background was set as the the material that was being eval-
uated (PEC, Copper or Aluminum). A Hexahedral mesh
type was chosen along with 8 modes since an 8 vane mag-
netron was being simulated.

Fig.8. shows the electromagnetic field patterns of each
magnetron type after the Eigenmode Analysis. The elec-
tromagnetic field patterns for all three magnetrons indicate
that they are all operating in 7-mode as there is a 180°
phase difference between the vanes. This is confirmed by
the alternating directions of the vectors in the vane cavities
for each magnetron. The frequencies for the PEC, Copper
and Aluminum were 5.036GHz respectively. This shows
that the Copper and Aluminium both worked very well
to maintain the m-mode operations of the magnetron at a
value that is relatively close to the designed 5.8GHz oper-
ating frequency.

The Surface Current patterns for each magnetron is
shown in Fig.9. From these results, very little difference
in the concentration of the pattern can be seen between the
PEC magnetron and the Copper and Aluminum. This is
to be expected as both Copper and Aluminum are consid-
ered lossy metals and so there would be resistive losses.
The Aluminum Magnetron has the lowest surface current
density of the three materials, but it is not a drastic differ-
ence. This indicates that while it may not be as efficient as
Copper, it is still able to perform as needed in the capacity
of a magnetron.

3.2 Particle tracking

CST Studio Suite offers a Particle Tracking Solver as
part of CST Particle Studio. Unlike the Eigenmode Analy-
sis, the anode and the cathode remained in the simulation
for the particle tracking. The materials for both compo-
nents were varied between PEC, Copper and Aluminium
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Fig. 8. Electromagnetic Field Patterns for a PEC, Copper
and Aluminum Magnetron

while the background was set to Normal which emulates
vacuum conditions. The frequency remained at a range
from O to 12 GHz and the boundary conditions were set
to be open in all directions except for the positive and neg-
ative Z directions where the magnetic (Ht = 0) condition
was chosen in order to prevent the magnetic field from es-
caping the interaction space. The analytic source field was
setto be 0.08 T based on the calculations. Two static poten-
tials were defined in the simulation environment, where
the anode was set to have a potential of 1, and the cath-
ode had a potential of OV. The cathode was set as the par-
ticle source with a fixed current emission model using a
current of 10A.
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Fig. 9. Surface Current Patterns for a PEC, Copper and
Aluminum Magnetron

Figure 10 shows the trajectory of all of the emitted
electrons from the cathode while under the influence of
an electromagnetic field. The maximum electron en-
ergy recorded for an electron sample was 3285.03eV,
3578.95eV and 3569.51 for the PEC, Copper and Alu-
minum magnetrons respectively. This indicated a mini-
mal difference in the performance of each magnetron in
terms of generating electrons with a high enough energy
for generating microwaves.

11 shows the motion of an individual electron sample
in each Particle Tracking Simulation for the different mag-
netrons.
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Fig. 10. Trajectory of All Electrons Emitted from the
Cathode of the Magnetron Design

4. 3D printing process

After the simulation procedure to verify the design of
the magnetron, the model was ready to be 3D printed. The
two metal 3D printing processes were considered for the
production of the magnetron were DED and L-PBF. DED
is a 3D printing process in which a feedstock material
in the form of powder or wire is delivered to a substrate
that also has a focused energy source, thus forming a melt
pool which continuously has material deposited, layer by
layer[12]. DED is typically used with metal alloys and
has decreased geometrical capabilities, requiring exten-
sive machining operations for parts to achieve the appro-
priate shapes [13]. L-PBF uses a selective laser melting

[AC-24, C3,IP,16,x81244

PEC -

v
- t
z == x
.
o
o
Copper
a0
.
o
v
.
o
Aluminum
200
a0
o
o
v
TI- x

Fig. 11. Trajectory of a Single Electron in a PEC, Copper
and Aluminum Magnetron

(SLM) machine and allows for more complex parts to be
manufactured without additional post-processing needed
and minimal geometric restrictions [14]. Hence, for the
magnetron, L-PBF was selected as it would permit the
complex shapes of the magnetron to be printed without
the need for any post-processing.

We developed different detailed Computer-Aided De-
sign (CAD) models for each of the magnetron parts as a
blueprint for the final printed part. We considered differ-
ent factors for our design such as the precision and toler-
ance each part and the use of any necessary support struc-
tures as overhangs for complex features such as the hole
use for the vacuum inlet located at the anode bottom. Once
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the parts were finalized, they were imported into a slicing
software where the parts were oriented and positioned on
the build plate. The software sliced out parts into a total
of 1383 layers. The Cul4500 powder was loaded into the
machine, and everything was prepared for the print. The
print took a total of 25hours. The parts were cut off the
plate by manual sawing and the surfaces were smoothened
out to remove any sharp edges.

The L-PBF printing was carried out at the University
of Waterloo’s Multi-Scale Additive Manufacturing Lab us-
ing an EOS M290 Printer. With the help of the MSAM
team at Waterloo, the model of the magnetron was re-
fined to ensure the best printing results. A C14500 al-
loy from Metal Powder Works was chosen for the Copper
print. This is a Copper Tellurium alloy that has similar
conductivity to pure copper with added strength benefits
allowing for better manufacturability [15]. C14500 also
has a high melting point and will be able to withstand the
high temperatures required by the Cathode for thermionic
emission.

Before printing, different factors for the design such
as the precision and tolerance of each part and the use of
any necessary support structures as overhangs for complex
features such as the hole use for the vacuum inlet located
at the anode bottom. Once the parts were finalized, they
were imported into a slicing software where the parts were
oriented and positioned on the build plate. The software
sliced out parts into a total of 1383 layers. The Cul4500
powder was loaded into the machine, and everything was
prepared for the print. The print took a total of 25hours.
The parts were cut off the plate by manual sawing and the
surfaces were smoothened out to remove any sharp edges.
The parts shown in Fig. 12 were the result of the L-PBF
process using C14500. The parts were printed with mini-
mal imperfections.

5. Future work

The next steps in this research is to join the parts of
the magnetron through either brazing or soldering, and
evacuate the structure to a high level vacuum level be-
tween 10~°Torr and 10~°Torr. Ideally, a vacuum level of
10~ "Torr would be achieved within the magnetron. Once
the magnetron is assembled, the vacuum holding capabili-
ties of the material can be tested. If the 3D printed material
is capable of holding a high vacuum level, the power out-
put and frequency analysis can be tested and compared
to the performance of a commercial level magnetron. If
proper magnetron operation is achieved for the Copper
printed magnetron, an Aluminum magnetron can then be
modelled and printed and the same procedure can be exe-
cuted.
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Fig. 12. 3D Printed Parts of the Magnetron

6. Conclusion

This paper showed the design, simulation and printing
process of a 5.8 GHz 8-vane magnetron. This was done by
disassembling a commercial magnetron to use as a refer-
ence point followed by design calculations which allowed
the magnetron to be designed for the specific use case of
SPS systems. An initial model was then created based
on the design calculations and this model was imported
to CST Studio Suite to simulate how different materials
affected the magnetron performance. PEC, Copper and
Aluminum were the materials evaluated using Eigenmode
Analysis and Particle Tracking. The results of these anal-
yses showed that Aluminum is a viable alternative to Cop-
per for magnetron performance. Once the magnetron de-
sign was verified by simulation, a 3D print was made using
L-PBF printing methods and C14500 alloy. The 3d print
was successful with minimal imperfections. The parts of
the magnetron can now be joined and tested to determine
whether a functional magnetron can be 3D printed.
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