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Introduction: cavity and mode

Modes

 waveguideO| Al EM wave?| T3l Ht5k29
* EM wave?| multi-superposition
* vector decomposition (figure)




Introduction: cavity and mode

Modes

 standing waves of EM fields
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Introduction: cavity and mode

Modes

* 1-D mode
* two parallel plate

° TE,, TM,, ...
e 2-D mode =k
° rectangular waveguide z
° TE12, TM33, kc S
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Introduction: cavity and mode

Modes

* 3-D mode
° cavity
* TE;;/ TMy,

* multiple combinations of 3-D resonance (e.g. X, V, z)

3-D mode
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~ Single-mode cavities

What single-mode means:

* only one mode (only one combination is available)
* design parameter 1. boundary conditions: dimension and shape of cavity
* design parameter 2. wavelength of EM source
* design parameter 3. coupling structures
- dimension of cavity > wavelength (slightly larger)

Metal
E field I - . .
ool relosed i Field configurations of TE,,
parallel walls E field F H field
| \
y ; / f '\
' s al
L\ =, L\
| E 'a
LLETR
\ \ H-field
-.| - Elongated Planar interacting
B A dielectric B dielectric Cc material
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~Single-mode cavities

. . FEM™: Finite Element Method
Propertles of Slngle-mOde FDTD™: Finite-Difference Time-Domain

* fixed field distribution
* high Q-factor - high sensitivity
 can focus E-field (intense field)

* to predict field distribution,
* can solve analytically in simple cases (rectangular, cylindrical, etc.)
* can solve numerically in general cases > FEM’, FDTD™, multi-physics, etc.

SEQUI ;{CF:
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~Single-mode cavities

Properties of single-mode

* load:
* ex) food, chemical, liquid, ceramic, metal, ...
* variable 1) dielectric properties
* variable 2) dimensions and shapes

e effect of adding loads
* modify field distribution and impedance in cavity
* modify available modes

CEMLAB



~Single-mode cavities

loaded cavities

* addition of dielectric load
* reduce intensity of field
* reduce wavelength inside the material
° reduce resonant frequency
- break impedance matching
—> reflected power into magnetron
—> cavity size should be reduced
* reduce Q-factor
—> increase bandwidth

ECH

higher dielectric > more flat field

L
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~Single-mode cavities

loaded cavities

* addition of dielectric load
* reduce intensity of field
* reduce wavelength inside the material
° reduce resonant frequency
- break impedance matching
—> reflected power into magnetron
—> cavity size should be reduced
* reduce Q-factor
—> increase bandwidth

Circulator

Ny

Material

load

Cavity
applicator

Magnetron

.«

Sample
power

for injection
locking

AT

Power
coupling
port

Feedback
loop
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~Single-mode cavities

loaded cavities

— Frequency —*

* addition of dielectric load o T o od
* reduce intensity of field I A
* reduce wavelength inside the material
° reduce resonant frequency ;
—> break impedance matching 5
—> reflected power into magnetron "
—> cavity size should be reduced
* reduce Q-factor

- increase bandwidth

After
coupling ‘-‘f
adjustment
-30dB
— Frequency —*
C

nE
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~Single-mode cavities

Properties of single-mode

* high sensitivity
e difficult to maintain the ‘single-mode’ condition
* dielectric material sensors (w/ shift in resonant frequency or signal loss)
* dielectric measurements (in a narrow frequency band) - two ports

* high E-fields
* plasma activation
* low-loss materials (ceramics)

nE
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~Single-mode cavities

Properties of single-mode

* single-mode cavities need
* stable loads
* industrial processing (pumpable or conveyed materials)
* small-sized loads
* low-dielectric constant materials: quartz, ceramic
* tunable cavity or feedback loop
* food: not appropriate application (not specific geometry, high-dielectric loss)

= CEMLAB



~ Single-mode cavities

Applications

_ _ for ‘unloaded’ cavities,
* example) cylindrical TM,4, can be derived analytically (using wave equations)

— 05 -+
Magnetic ¢

Material field

load
Current
Electric flow o F Cavity
field B Cylindrical
e ) coordinates
Radiation
Material choke
Metallic load ‘
cavity " ; ;
body E-field intensity profile
(top not —_ (unloaded)
s z H-field
intensity E-field intensity profile
. profile __ | (with load)
;
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~Single-mode cavities

Design process

* to predict unknown parameters:
* geometrical parameters (physical dimensions)

* material properties
° load material
° supporting structures
° cavity

* electrical parameters
* resonant frequency
* Q-factor
* coupling parameters
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~Single-mode cavities

Design process

e dielectric properties of material?

* why you need single-mode cavity?

* desired frequency? sensitivity criteria?

* which mode? field configuration? place of material?
* dimension of cavity?

* coupling method?

* suppress other modes.

SEOULTECH
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~Single-mode cavities

iris": opening at the physical junction

Coupling methods

* connect transmission line to cavity

. . g . Inductive
e for immpedance matching (critical coupling) s for coupling TE,o rectangular
. waveguide

* 1) iris” coupling method e

* magnetic flux linkage \

¢ indUCtive |r|S Magpetic

* vertical to broad wall of waveguide i SR
and cavity

* better breakdown capability
* adjust width of iris
* heavier loads - wider iris

Material
load

i CEMLAB



~Single-mode cavities

Coupling methods

 2) loop coupling method
* magnetic flux linkage
* adjust area of loop
* heavier loads - wider loop

* 3) monopole antenna method
* electric field coupling
* adjust length of monopole

lrh
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Electric
Coaxial field line
Magnetic Cavity wall transmission inside the cavity
field line lifie
inside the
cavity
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~ Single-mode cavities

Application examples

* heating flowing fluid
* heating of adhesives for automobile interior assembly
* convection heating at pipe

* differential flow rate in pipe Radiation gj;';d\% * e
choke o N fluid
* use TM,,, mode TN N e o
= _ vecltor
§%
!E-ﬁelq
X Irrzlatdeig?gofile

—/\h

Power /

feed waveguide /]
/\X\ \
Moz .mOd/ow-loss E-field
cylindrical : . N N intensity
cavity dielectric
pipe null
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~ Single-mode cavities

Application examples

* cavity variation for frequency tuning
* by adjusting side-wall, find a resonant dimension
* load should be placed where maximum field

Microwave
energy
feed

!

—

Feed point
with inductive

/
1/

load
/

/ profile

for frequency
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~Single-mode cavities

Application examples

* heating or dielectric measurement of planar materials
* using uniform field along z-direction

Microwave cylindrical

cavity in TEg;o mode Cavity wall
Sheet material location
for processing
A of sensing
= |
& ~_

A B Electric
field intensity
profile
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~ Single-mode cavities

Application examples

* modifying field configuration
° using tuning rod
* using dielectric slabs = improving E-field uniformity

Cylindrical | TMyy mode Low-loss

Improved

cavity at 4 ~ field intensity dielectric
TMgp mode — | | profile slibs !E-ﬂelc!
e L intensity
\ profile
(’: —— 2 :/ ," \\\
—T - : ,” ‘{T\‘\-—
( ‘I ‘\
= ’I‘ ‘\

Tuning rod E-field

(low-loss p :

dielectric) — [ mteplsxty

. rofie
Cavity E p.
without

Rods to be wall 4 .
batch dielectric
processed slab
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Multi-mode cavities

Introduction

* most commonly used (domestic microwave oven)

robust and simple

material heating & plasma activation
°* microwave-enhance chemistry
sintering of materials (ceramics)

‘. CEMLAB



Multi-mode cavities

Why multi-modes are needed?

* poor field uniformity of each single-mode
* multi-mode = superposition of single-modes - reduce true field nulls
* the more modes, the better uniformity
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= null
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Multi-mode cavities

Properties

° large cavity: the larger cavity, the more modes

60
55
50 «— B x35cm —»
45 Bx30cm" I
¥
40 Bx25cm

|

Number of possible modes
w
o

0.5 0.7 09 141 13 1.5 1.7 19 2.1 2.3 2:5
B Cavity's physical dimension factor
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Multi-mode cavities

Properties
e difficult to predict field configuration
* use optical beam model (ray model)

E-field line :
2 E-field line :

Snding.on closing on itself EAidiiGe

single wall across walls

E-field line
on corner

W

SEOULTECH

Material
load

Transmitted through

Reflected from
cavity wall

the material

low-loss or small

Absorbed
into material

= heat

Reflected
from load

Feed
waveguide

Incident
beam
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Multi-mode cavities

Properties
* robustness: no need of "tuning” AtOZ\A - . .ok L R B B
° modes in frequengy band .. | N /\,\ p‘ A | [} m ﬂ fﬁ\ ﬂ)
o D,E(emptycaw.ty) .l "l lll"'l .'.l j\ I;' 1"“ | I‘: i, Hl
>akumnenee W
Empty cavity | “ \ Frequency spectrum —— '

Possible cavity modes

* Jlow Q: cannot ‘focus’ field
* bad for low-loss materials

Cavity with Frequency spectrum —

the load = lower Q, lower resonant frequency
s\ Bandwidth of

the power source
"k ’
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Multi-mode cavities

Heating uniformity

* spatial temperature variation

* field uniformity
* larger cavity - more potential modes
* complex geometry of cavity (curved or angular walls)
* e.g. hexagonal cross-section ,

CEMLAB




Multi-mode cavities

Oblique

Heating uniformity T —
e spatial temperature variation \
* field uniformity
* for more operating modes,
° use higher frequency (gyrotron source) | T~
* use frequency sweeping
* use mode stirrer or scattering bump o
* closer node — antinode - heat transfer helps! wiion” oaing " rowae
N\ ="
e disadvantages - == S oy
* high cost
* need additional shielding / -

plate

Material
‘. load
EC |

e CEMLAB




Multi-mode cavities

Heating uniformity —— Q
* Field uniformity is not the only one. atimode
* example) extremely large load cavity

* large fill factor: large size / high-loss (e.g. foods)

* close to feed point = hot spot (bad uniformity) Magnetron —{(

—> use multiple port (problem: coupling between sources) s

by using circulator for multiple sources

* small penetration depth - stop multi-mode operation (no field beyond the load)

nE
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Multi-mode cavities

Heating uniformity

° Field uniformity is not the only one.

* geometry of load
* edge or elongated ends = more enhanced field

Induced E-field distributions at the
lead tips for different tip shapes

CEMLAB



Multi-mode cavities

Heating uniformity

° Field uniformity is not the only one.
* polarization of modes / coupling
* coupling method (using iris or loop)9il [t}Z polarization property 1178
* solution: use distributed coupling aperture - # of mode 1, spatial uniformity

Inductive
Dielectric iris for coupling TE rectangular
window Waveguide Mi waveguide
Rotating q e TEgno Cavity
mode stirrer fomsouNce applicator
Resonant J/ PP
launch box \ Microwave
\) E[[G entering
cavity

T -

== N

/ Multimode

cavity wall
Metal match~” / ¥

plate
Material
load
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