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General Electric experimental Hull magnetron

Object Name
diode Measurements

overall: 29inx4 1/2 in; 73.66 cm x 11.43 cm

magnetron
anode: 12inx 4 in; 30.48 cm x 10.16 cm

Electron Tube, Diode

date made ID Number
1921 EM.315142
catalog number
associated institution 3151_42
General Electric accession number
217661
maker
Credit Line

General Electric Compan
S from General Electric Research Laboratory,

thru Albert W. Hull

https://americanhistory.si.edu/collections/search/object/nmah_1359099
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The cavity magnetron is
a high-power vacuum
tube that generates
microwaves using the
interaction of a stream of
electrons with a
magnetic field while
moving past a series of
cavity resonators which
are small, open cavities
In a metal block.

Output coupling

loop \

Ceopper
anode blugl&

Resonating cavity

&
Oxide-coatad

'+—— Leads to cathode
salhode !

& heater

Resonant cavity magnetron high-power
high-frequency oscillator

https://en.wikipedia.org/wiki/Cavity _magnetron
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Magnetron from a microwave oven with magnet in its mounting box. The horizontal plates form a heat sink, cooled
by airflow from a fan. The magnetic field is produced by two powerful ring magnets, the lower of which is just visible.

Almost all modern oven magnetrons are of similar layout and appearance.

x h ), https://en.wikipedia.org/wiki/Cavity _magnetron
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The cavity magnetron was widely used during World War II in
microwave radar equipment and is often credited with giving Allied
radar a considerable performance advantage over German and

Japanese radars, thus directly influencing the outcome of the war. It
was later described by American historian James Phinney Baxter III
as "the most valuable cargo ever brought to our shores".

The cavity magnetron is a high-efficiency, high-power, while low-cost .
vacuum device for generating microwaves and is widely used for | Radar
applications such as radars, microwave ovens, and industrial heating. Heating
In principle, far exceeding most microwave tubes are capable of and this
make magnetrons still the main RF power source for use of microwave
heating in daily life and industries.

Lighting
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https://www.crfs.com/blog/radar-jammers-and-where-

’ to-find-them/ https://www.youtube.com/watch?v=kOvTIKLg6ho
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magnet

RF fields

@ 2004 Encwelopaedia Britannica, Inc.
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The S-band A6 relativistic magnetron was proposed by G. Bekefi and T. J. Orzechowski of MIT in 1976. With an
external voltage of ~360kV, an external magnetic field of ~0.8 Tesla, and a field emission current of ~12 kA, an ultra-
large output power of ~1.7 GW can be obtained, with an efficiency of about 36%.
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G. Bekefi and T. J. Orzechowski, “Giant Microwave Bursts Emitted from a Field-Emission,Relativistic-Electron-Beam Magnetrons”,
Phys. Rev. Lett. 37, 379 (1976).
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Characteristic dimensions of several relativistic magnetrons.
.}

TABLE 1.
are computed for an infinitely long anode block, see Sec,

(The frequencies

A6 Relativistic Magnetron

MAGNETIC FIELD Bz (kG)

A. Palevsky and G. Bekefi, “Microwave emission from pulsed, relativistic e-beam diodes, II: The multiresonator magnetron,” Phys.

Fluids 22, 986-996 (1979).
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Hodel of acea ERLINE]L Mozl of acca PHIPLANE

In 2005, Professor E. Schamiloglu from the
University of New Mexico proposed to replace the
traditional solid cathode with a transparent
cathode, which can make the relativistic
magnetron oscillate quickly.
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M. I. Fuks and E. Schamiloglu, “Rapid Start of Oscillations in a Magnetron with a "Transparent" Cathode”, Phys. Rev. Lett. 95,
205101 (2005).
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In 2010, it was further proposed
to use a special diffraction output.
The diffraction output structure is
to smoothly connect the resonant
cavity of the magnetron to the
horn antenna in the axial
direction, and then use a circular
waveguide to output
electromagnetic energy from the
horn antenna. The efficiency of a
relativistic magnetron can be
increased to ~70%.

Edl Schamiloglu et al, “70% Efficient Relativistic Magnetron With Axial Extraction of Radiation Through a Horn Antenna”, IEEE

Transaction on plasma science 38, 1302-1312 (2010).
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Microwave
2. 45GHz

Wavegulde

Holder
Reaction Chamber

Schematic structure of the MPECVD system

N/
XTeCh )\ SIMULATIONS EMPOWERING YOUR INNOVATIONS




Background and Motivations '.w

MCL@HYU

'\@" High efficiency and long operating life

_~@'_ Small magnetic field leakage N @'_ High frequency stability Q’

'\@" Compact and lightweight '\@" Low anode voltages :

O

-

Magnetron 2M265-M12WJ (MUEGGE)

For industrial use, S-band (2450 MHz)

Output Power (W)  Efficiency (%) Continuous wave magnetrons are used for
plasma processing in the manufacture of

3000 70 semiconductors and in industrial dielectric

heating applications. m
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The cavity magnetron is a high-power vacuum tube that
generates microwaves based on the interaction of a stream of
moving electrons under a crossed electric and magnetic
fields with a series of open coupled metal cavity resonators.

Copper
anode block

0‘&“’;&“"3‘9“ 7= Leads to cathode
ca e & heater

ST > D D D ) ) ) 4

high-frequency oscillator

Electrons pass by the openings to these cavities and cause
microwaves to oscillate within, similar to the way a whistle
produces a tone when excited by an air stream blown past
its opening. The frequency of the microwaves produced, the
resonant frequency, is determined by the cavities' physical
dimensions.

https://en.wikipedia.org/wiki/Cavity _magnetron
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In order to further ease the fabrication and reliability, a rising-sun configuration is chosen
instead of a trapped conventional magnetron.

The cavity radius is equal,
hence the dispersion of the
conventional structure cannot
provide enough mode
separation from the operating
curve interception without
straps.

(a) Conventional magnetron (b) Rising-sun magnetron
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In general, all cavity magnetrons produced today consist of a thermionic or heated cathode placed
at a high negative potential created by a high-voltage, direct-current power supply while the anode
is grounded. Thermionic cathodes in all magnetrons contain a small amount of thorium mixed
with tungsten in their filament.

A )JLHOG HPLVVRQ FDWKRGH

Recently, field emission arrays have been demonstrated being capable of experimentally emitting
> 100 A/cm? current densities and this makes employing field emission as electron sources or cold
cathodes in microwave tubes possible. In this work, a field emission based magnetron is proposed
and investigated for industrial applications.

With the use of a field emission cathode to replace a thermionic one, not only the lifetime can be
extended but the complexity of the external circuit and assembly process can be much reduced.
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Integration of equations
of motion

Particle loss/gain at the
boundaries {emission,
absorption, etc.)

F —m v —# x

Interpolation of fields
to particles

(E8) —> F

|

Monte Carlo collisions
of motion

l.,f—-I-'u"l

L

Integration of field
equetions on grid

() —™= (EB)

Interpolation of particle
sources to grid

(x.v) — = {Ji,Ji}

In this method, individual particles in a Lagrangian frame are tracked in continuous phase space, whereas moments of
the distribution such as densities and currents are computed simultaneously on Eulerian mesh points.

The finite-difference time-domain (FDTD) particle-in-cell (PIC) applications provide the capability to model

and simulate a wide variety of vacuum electronics problems and beam-wave interaction issues.

Fusion 47, A231-A260 (2005).
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STATE OF THE ART
CFDTD PIC SIMULATIONS

ACCURACY ‘»/

Rising-sun magnetrons employing a field emission cathode designed and developed using accurate
and efficient CFDTD PIC modeling exhibit a lot of advantages compared to conventional strapped
magnetron employing a thermionic cathode.
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The Conformal FDTD Algorithm in VSim

Locally Conformal Grids

For each cell that is at least partially within the region of interest,
the magnetic (H) field is assumed to be located at the center of
that Cartesian cell, and is assumed to be constant over the area
of the cell that is inside the cavity. The electric field values are
assumed to have a constant value along the edge of a cell that
resides within the cavity and are zero along the metallic surface.
Note that in this scheme, the magnetic field is assumed to be

S. Dey, R. Mittra, and S. Chebolu

X Tech-X

\ 4

located at the center of the undistorted cell for the purpose of
numerical calculations, irrespective of whether this location is
inside or outside the cavity.

, Microwave and Opt. Technol. Lett. 14, 213-215 (1997)
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with the use of the electric field values along the distorted contour
appropriately weighted with the lengths of the contours:

H;r-i-]/Z(I—’j)
The Conformal A

FDTD Algorithm in SHeTeD

VSim | EGDUGD ~ B = DG =D |
—ErGL )G, ) + EpGo— 1, )G = 1, )

w*Area(i, J)

Once the H fields are computed, the E fields are updated in the
conventional manner with the use of the adjacent H-field values. For
example,

En1(i,j) = E"(i,j) +

At +1/2(: .
s*ﬁy {Hz” /H(lﬂf + 1)

_Hz.rf+]/2(lj)}

S. Dey, R. Mittra, and S. Chebolu, Microwave and Opt. Technol. Lett. 14, 213-215 (1997)
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Electromagnetics and Plasma Simulation

VSim is a flexible, multiplatform, multiphysics simulation
software tool. VSim is designed to run computationally
intensive electromagnetic, electrostatic, and plasma
simulations in the presence of complex dielectric, magnetic,
and metallic shapes.
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M.C. Lin*, C. Nieter, P.H. Stoltz and D.N. Smithe, “Accurately and Efficiently Studying the RF Structures Using a Conformal
Finite-Difference Time-Domain Particle-in-Cell Method”, The Open Plasma Physics Journal 3, 48-52 (2010).
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48 The Open Plasma Physics Journal, 20110, 3, 48-52

Open Access

Accurately and Efficiently Studying the RF Structures Using a Conformal
Finite-Difference Time-Domain Particle-in-Cell Method

M.C. Lin . C. Nieter, P.H. Stoltz and D.N. Smithe

Tech-X Corporation, Boulder, Colorado, USA

Ahbstract: This work introduces a conformal finite difference time domain (CFDTD) particle-in-cell (PIC) method to
accurately and efficiently study electromagnetic or radio frequency (RF) structures and their interactions with charged
particles. For illustration, the dispersion relation of an A6 relativistic magnetron has been deternuned and a preliminary
hot test including electrons has been done The accuracy of the CFDTD method 15 measured by comparing with
calculations based on the finite element method. The results show that an accuracy of 99.4% can be achieved by using
only 10,000 mesh points with the Dey-Mittra algorithm as implemented m the CFDTD method. By companson. a mesh
number of 250,000 is needed to preserve 99% accuracy using a staircased FDTD method. This suggests one can more
efficiently and accurately study the hot tests of microwave tubes or the mteractions of charged particles and RF structures
using the CFDTD PIC method than a conventional FDTD one.
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The Open Plasina Physics Journal, 2018, Volume 3

51

Tablel. Accuracy of VORPAL with Dev-Mittra CFDTD by Comparing with SUPERFISH Calculations. The Total Simulation
Time is 1,000 ns

f (GHz) f(GH) VORPAL | . . | f(GH)VORPAL | . .

A6 Relativistic Magnetron Mode Number n (Ref. [3]) SUPERFISH | (CEDTD)# 10,000 . AUVE | (CFDTD) # 40,000 o iy
# 410,481 DM_FRAC=0.5 rrot DM _FRAC=0.5 rror

1 138443754 1379 0.00393 1382 0.00176

2 2.15457799 2.150 0.00212 2.156 0.00066

3 235300345 2.345 0.00382 2352 0.00085

0, 463362062 4.620 0.00204 4631 0.00057

1 5.02876229 5.017 0.00234 5.030 0.00025

2 625401881 6217 0.00592 6.243 0.00176

3 7.69100058 7.669 0.00287 7.683 0.00105

X Tech-X

SIMULATIONS EMPOWERING YOUR INNOVATIONS

2021




MCL@HYU

In the magnetron design, a m-mode oscillation can be o o

stably produced and it has been confirmed with a grid b’ ’

resolution of 102 h 102 in the CFDTD simulation to \ SI m
give an accuracy > 99%, comparing with an FEM
frequency domain calculation.

with radjus RCATHODE and an anode with radius RANODE:
ind opening angle ANGLECAVITYL, and short cavities with

Ppw— There is one long cavity in the
/“ﬁ"”'“‘ horizontal x axis loaded with an
’ absorber, in order to simulate the
output power coupling and the RF
power dissipation of this device. This
absorber goes as a cavity loading
parameter that is used to control the
magnetron loaded quality factor, Q.
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== L]
I —Available Templates —Description I

- VS!m for Basic Physics : A 2D rising sun magnetron exhibits a five spoke
#-\/Sim for Electromagnetics pi-mode.

= VSim for Microwave Devices I
- Cavities and Waveguides

+- Cavities and Waveguides (text-based setup)

i+ Multipacting

# Multipacting (text-based setup)

r_j Radiation Generation

- Smith-Purcell Radiation (SPR)

- AG Magnetron 1. Modes

- AB Magnetron 2. Power

- Field Emitter Array

- Gyrotron Mode

--Helix Traveling Wave Tube 1: Dispersion

--Helix Traveling Wave Tube 2: Impedance and Attenuation
--Helix Traveling Wave Tube 3. Power Run

- Klystron

- 2D Magnetron

« Other MD

+- Emission (text-based setup)

H-VSim for Plasma Acceleration

t-WSim for Plasma Discharges

m
S Sca

,_

N ——————M——
XTeCh )\ SIMULATIONS EMPOWERING YOUR INNOVATIONS




MCL@HYU

§¥J vsim - 20 M [a-

File Edit Tools View Help Window

o=

Simulation Files l € simulation Setup is Ready  Save and Sempi
magnetron2D.sdf I magnetron2D.pre | magnetron2D.in i
D:\\testimagnetron2D
Simulation : | é Properties |wewSu\ids 'i Ed\tMndE“ToggIanes Perspective View Show Scale | Clip m RESEtPﬂSiﬁﬂﬂl
< | filename Description
I [#] Constants 2 0.2
i ) Anodest [*] Parameters —_— !
e D AnodeGeom_Anod Basic Settings 2
- [E Cathode.st] Functions _.:
: D CathodeGeom_ Catl SpaceTimeFunctions = -
D Joad.<tl £ Materials g
; e [=] Geometries -%
i D loadGeom__loadGeo| ~ =
(=] magnetron2D.in ‘5
D magnetren2l.png [+ magnetron2DGeom
2] magnetronzD.pre ) AncdeGeom
D ctron?Dsdf CathodeGeom
i ™ [+ loadGeem
e D magnetron2D.stl [*| Grids
D magnetron2DAlISha [#] Field Dynamics
: magnetron2DAlISha 3] Particle Dynamics
2] magnetron2DGeom | ] Histories
% D magnetron2DP ecSh
] magnetron2DTn.png i
5] magnetron2DVars.p Undo | Add Multlplel Removel Add I
Property i Value |
kind TriangSolid
filename load.stl
groupname
verboseRead 1]
scale 1
: l J d x-translation 1]
All Files 2 y-translation a
z-translation 0
= : - .
v Smart Grouping X rotatl.cm 1] 019 019 02
= y-rotation 0
@ Refresh H Open | z-rotation 0 -0.

| 0 Setup: COMPLETED Click run to continue Show Log

N/
XTeCh )\ SIMULATIONS EMPOWERING YOUR INNOVATIONS




Research Methods and Simulation Model Demgn'“

MCL@HYU

W vsim - 2D M (e
File Edit Tools Yiew Help Window
Simulation Files l A Simulation Has Changed. SaveaﬂdSeh.lpI

*magnetron2D,sdf | magnetron2D.pre i magnetron2D.in I

[#] Field Dynamics
load.stl [#] Particle Dynamics
loadGeom_loadGeo [=] Histories

wel D:\\testimagnetron2D 7 = =
Hae s|mu||;ron. -] § _Propers | [View solics =] Edttode |[Togge axes | perspectve view ShowScale | Clip |[+2 ] Reset Positon
= | filename A
I [#] magnetron2DGeom & Ly
(5] Anode.st [# AnodeGeormn ST !
3 D AnodeGeom__Anod [+] CathodeGeom =
- [E) Cathodestl ¥ loadGeom _.:
D CathodeGeom__Catl [# Grids E =
b
o
&
magnetron2D.in fieldEnergy_Joules ‘E
magnetron2D.png anodeCurrent_Amps
magnetron2D.pre cathodeRetumCurrent_Amp;
ctron?D.sdf anodeElectronHeat_Watts_timesDT
HEEI cathodeElectronHeat Watts timesDT
magnetronZD.st| numbMacroParticles
magnetron2DAlISha cavitylVoltage

magnetron2DAlISha, cathodeAnodeVoltage
magnetron2DGeom | [] cavityl Loading_Watts

cavityl BField_Tesla

magnetron2DPecShg E
magnetron2DTn.png )
magnetron2DVars.py Undo | Add Multlplel Remove | Add |
Property I Value |
kind Poynting Flux
color
[=] surface yz plane
offset 0.06
yMin -0.012
]| L YMax 0014
All Fileg 'I Min -0.05
zMax 005
v Smart Grouping -0.19 -g19 0.z
@ Refresh 4 open | 0.
\ Setup: SIMULATION SETUP CHANGED Save the setup for simulation changes to take effect MJ

4
XTeCh ) SIMULATIONS EMPOWERING YOUR INNOVATIONS




1“5l B Research Methods and Simulation Model Design.W'

MCL@HYU
Y S |
5 A conventional magnetron
| | employs side cavities with
z | equal radii but integrates some
1 straps for mode separation.
£ o
S ) | Q
< 1 |
2 .‘ Scaling of a conventional magnetron
' | model parameters to a 2.45 GHz
=2 _ \ N | rising-sun magnetron model from
4 ~ | finite element analysis.
4 3 2 1 0 1 2 3 4
X(cm)

'm

N/
XTeCh )\ SIMULATIONS EMPOWERING YOUR INNOVATIONS




Simulation Results and Discussion b

MCL@HYU
. Dispersion curve of magnetron cavity
#== case a-1% branch #= case b-1%' branch ® case c-1% branch

- a- case a-2" branch A case b-2" branch @ case c-2" branch
N . . .
m _— case a-beam line _ case b-beam line — case c-beam line
U 1 0 | :ﬂ ........ 'Q'. “o. ........ Q“ i
: ": "%'.. "‘¢‘.‘ ‘\" & D \F.H
o .0' .'0' L+ Cogmt® 5 »f ‘... " .
z ' a further reduction of
<P]
=) the cavity2 radius to
[«P]
E 1.76 cm.

Phase shift(n/5)
This dispersion curves of conventional magnetron and rising sun magnetron cavities shows the rising
sun configuration can provide enough mode separation for a magnetron operation without losing the

axial symmetry, not as in conventional magnetrons.

Pm
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Schematic of a 10-vane field emission based 3
rising sun magnetron in the VSim CFDTD L/ \_ Cavity angls
PIC simulation with indicated geometry 21 \\ =

parameters and an RF output loading.

11 “Anode radi
i )

E

i

TABLE II. Rising sun magnetron dimensions in -
the simulation

&DWH $SQRE&DYL&DY IV 1],
UDGLUDGLUDGLUDGI 2550}
FP| FP| FP| FP

02 | 045 | 389 | 1.76 | 10.0
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i [ Cathode radius
3.2 - Anode radius |
~ ; _ <-Cavity! radius
5 : :S:Egé :ﬁgiz Frequencies of ~ mode have
:2-8 i i been calculated as functions
2.6 : e 1 of normalized eometr
5 ; X g y
R e e e S i parameters of the rising sun
= . .
o magnetron model using finite
= 22r 3
element method.
2 |
1.8 | I | L | | L
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

Normalized geometry parameter
The corresponding geometry parameters of the rising sun magnetron model in normal scale
are 0.45 cm, 3.89 cm, and 0.174 radian for the anode radius, the cavityl radius, and both angles
of cavityl and cavity2.
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(@)}

-+~

Voltage (kV)

A CM B-H:17/5
< CM B-H:27/5
% CM B-H:37/5
- CM B-H:47/5
© CMB-H:7
-4RM B-H:17/5
<-RM B-H:27/5
¥RM B-H:37/5
-#-RM B-H:47/5
©-RM B-H:7
= Hull Cutoff

(\®]

0.2 0.3
Magnetic field (Tesla)

The Hull cutoff curve and
Buneman-Hartree  resonance
curves of 1/5pi-mode, 2/5pi-
mode, 3/5pi-mode, 4/5pi-mode
and pi-mode for conventional
model (CM) and rising sun
model (RM).

model can be more clearly distinguished and separated from the other four modes.

X Tech-X
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Obviously, compared with the pi-mode of the conventional model, the pi-mode of the rising-sun
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Efficiency (%)
8 e 80 YV =Bf—(1—+1— 7). (Buneman-Hartree)
. 0
/ 70
~ 6 / - ——
z / 60 B =~2V +V ., (Hull cutoff),
< | Hullcutoff / <o
ool voltage p ; A lot of simulation runs have been
sl ) -
; / T RR— 40 per_formed to. ﬁnd a good operating
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B-V map of operating conditions of the 2.45 GHz rising-sun magnetron model with
the corresponding Hull cutoff and Buneman-Hartree resonance curves indicated. m
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Screen shots of electron clouds at different time from the 2-D CFDTD PIC

simulations of the rising sun magnetron at V_, =5.2 kV, B=0.235 T, and J .= 200 A/m. m
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After the simulation is stable, the anode voltage value (blue dashed line) is stabilized
at 5.2 k\/;

The linear anode current density (red solid line) is determined to be about 75.67 A/m
by averaging the anode current from the simulation over a period of 1,000 ns after the

oscillation is stable. m
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Calculated by energy
conservation  from

the 2-D CFDTD PIC
simulation.

Linear input power | Linear output power
density: density:

Efficiency:

393.48 KW/m 313.4 kW/m 79.7 %
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,,3 Simulation Results and Discussi

3-D Design

In this design, the current density 1s about 0.602
A/cm?, which is achievable with a field emission
array or cold cathode under the maximally
achievable current density demonstrated
experimentally. In this case, the output power is
estimated to be ~3.13 kW.

A feasible design for
ll» Industrial applications
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ABSTRACT

The magnetron & a high-effidency high-power vacuum tube that generates microwaves based on the Interaction of a stream of moving
electrons under crossed electric and magnetic fields with a series of open coupled cavity resonators. They are widely nsed as a low-cost
microwave source for Industrial heating. Traditionally, a thermionic cathode is used as the electron source and a heater Is needed to Increase
the temperature of the cathode up to about 1M E In this work, a feld emisdon-based magnetron has been investigated for Industrial
applications as an easier and more obust configuration. The dedgn and dewelopment were performed wsing a conformal finite-difference
time-domain particle-in-cell simulation as implemented in the VSm code. A riing-sun configuration has been optimdzed and the corne-
sponding operating condition has been determined to achlevwe an effidency of up to ~80%. The ridng-sun magnetron operating at a fre-
quency of 245 GHz can give an output power of 3 kW, serving a5 a good replacement of exigting industrial magnetrons.
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*The design and simulation study of a field emission-based rising-sun magnetron has been
conducted using a 2D CFDTD PIC simulation as implemented in VSim.

*For industrial applications, the rising-sun magnetron cavity has been optimized to 2.45
GHz after considering geometry and cavity loading effects. The current density i1s about
0.602 A/cm?, which is achievable with a field emission array or cold cathode under the
maximally achievable current density demonstrated experimentally.

*From the hot test simulation results, it 1s demonstrated that a preliminary design after the
optimization of an operating point would give a higher output power and achieve a high
efficiency of about 80%.

*According to the achievable current density of FEAs, the field emission-based rising-sun
magnetron operating at 2.45 GHz and >3 kW is determined for industrial applications. The
fabrication and assembly can be greatly simplified compared to a conventional strapped

magnetron with a thermionic cathode. m
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