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Iq:'[a Voltage Breakdown
) | —_—

Find surface treatments more “resistant” to electric
fields

1. Ex situ: material, coatings, cleaning

2. In situ: heating, processing (conditioning)
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Iqj'] Voltage Breakdown
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Breakdown Effect on Phase Advance per cell

Why 1s the most damage
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Pulse length clearly very important

4 ns
TL'IEI| /

Evidence suggests that the 000

conditions required to provoke a &

breakdown event needs a build-up 3 « . %

time of >10 ns. Eaun * -4
For pulses much shorter than 10 U

ns have achieved surface fields of CHNE R R I

600 MV/m on Copper wi-'-hou.'. Frequency [GHz]
damage.
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Gu tested with 4 ns puises, surface field in excess of 600 MV/m

Time to develop conditions that produce damage is
between 4 and 16 ns.
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Pitting on cell irises of a 1.8 m x-band structure after operation
at gradient up to 50 MV/m
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It 1s known that field emission (FE) is the source of electrons
triggering a sequence of events that eventually leads to a breakdown.

Electrons produced by FE, heats the surface which then releases
locally-available gas. Electrons also ilonize the gas to form a plasma.
Plasma 1ons are accelerated back toward the now-cathodic surface,
releasing more gas.

This regenerative mechanism may lead to an enhancement of the
plasma density and, eventually, to a breakdown. Therefore, to get a
breakdown, 1t 1s necessary to provide field emitters and (dissolved)
gas.
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Emitter Candidates
B Dust

E Voids
 Grain Kdges

 Inclusion

B Facets
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Voids and Etching Artifacts have not heen observed to be a focus of
breakdown, probably because there are usually below surface-level.
During the furnace cycle, the oxide or etch residue sometimes present
in the feature 1s vaporized. However, the features are not always
themselves removed (through mass movement) by the furnace
processing.
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Dust introduced into the structure following furnace heating. The dust
Is stuck to surface electrostatic ally and by Van der Waals force.
Chemical etching 1s usually required to remove the dust from the
surface so its introduction is best avoided hy good housekeeping. In-
sit, the dust burns off during rf structure processing, and a often
carries sufficient dissolved gas from the plasma. The processing-
removed dust leaves a residue of carbon (and Si, Al Mg, Ca, Cl, Ti,
etc..typically building-material debris) on the surface, sometimes as a
lump.
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Grain Edges are often displaced vertically by grain growth (mass
movement) in the furnace. The exposed edges are dangerous because
of close proximity to dissolved gas in the grain boundary.
Displacement 1s unavoidable but can he minimized by reducing
furnace temperature and time.

Inclusions are foreign-material masses lodged in the surface, and are
often dielectric ( e.g., copper oxide) acting as charged “antennae” with
gas often trapped below them. To minimize such these defects, it 1s
necessary to use highest quality material (OFE-Class 1).
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Facets appear as copper hillocks. They are small, metallic and good
field emitters that can probably sustain healthy FE currents without
melting. Keeping the furnace processing time short minimizes the
mass movement that produces them. This 1s especially important on
single crystal diamond finish-machined (SCDM) because of its
(otherwise) low surface roughness.
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A classic RF Breakdown Event

Crater Center €DK Specbrum

flearby Bolefouqd Cell 87
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v - - Integrated nunpber of breakdown events
Power | MW
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Processing SW565 standing wave structures- Pulse heating estimate
for input coupler iris SLAC — June 2002
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Breakdown Threshold Gradient —vs- Pulse Width in 16% Group Velocity
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Surface electric field distribution, max. field in the i ) -
coupler cell 140 MV/m, power 48 MW field on a flat part of the coupler iris
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Pulse Heating of T53VG3 Coupler Waveguide Iris r,..=76 um
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Iq’ls High-Gradient Breakdown
I

The high power RF systems used for high-gradient testing are equipped with
directional couplers before and after the structures so that the incident, transmitted

and reflected power pulses can be measured.
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Example: RF power pulse shapes during a breakdown at
11.4 GHz
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Iq‘}s High-Gradient Breakdown
I
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RF power pulse shapes during a breakdown at 30 GHz
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1  ichGudeubreadown

RF breakdowns produces current bursts that are emitted through the beam pipes of
the accelerating structures.

It should be emphasized that these current bursts are not “dark currents” which are
emitted regularly on every pulse. Breakdown currents are also much higher than
dark current and reach nearly an ampere

Current pulses are one of the most reliable indicators of breakdown. Even events with
low missing energy can produce easily measurable emitted currents.
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Iq:'[a High-Gradient Breakdown
I

Measurements of the currents emitted are mostly done at the ends of the
accelerating structures.

There is strong reason to believe that currents within the structures are much
higher.

Internal absorbed currents should produce X-rays measurable outside of the
structure. Limited due to absorption in copper walls and background.

Breakdown also produce visible light that can be observed through the beam
pipe of the structures. A surprising feature of the light produced in copper
structures is that it lasts for nearly a microsecond after RF has left the structure.
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Is"[a High-Gradient Breakdown
Q)] |

Possible origins of the light are excited plasmas of desorbed gas, copper ions
that have been vaporized from the structure surface and blackbody radiation
from a heated structure surface.

Breakdown can also produce substantial increases in the vacuum level. Vacuum
signals provide a useful indicator of the breakdown activity when conditioning
starts, but care should be taken since the signal fades as processing proceeds.
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Iq‘}s High-Gradient Breakdown
I

Damage:

If it does not limit the achievable gradient below a desired value, RF breakdown is often
merely a nuisance conditioning a structure up to its operating gradient may be laborious
but straight-forward.

RF breakdown becomes most dangerous when it cause damage. The rate of structure
damage is gradient-dependent. This is a main problem for high frequency structures
such as X-band (11 GHZ) for NLC and higher frequency structures (30 GHz) at CLIC.

Conditioning gradient for these high frequency structures exceeds 70MV/m. The
damage manifests itself by a change in the phase advance per cell.
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Iq’ls High-Gradient Breakdown
) || -

0 Once a breakdown has been initiated, a discharge, or arc, begins.

O Very high power absorption with little reflected power

QThis power likely absorbed by electron currents that collide with the
structure walls.

O lons of any kind probably do not directly absorb RF power because they

have oscillation amplitudes well below a micron when driven by fields of
the order of 100 MV/m.

Q If RF power-absorbing current is focused onto the structure surface
(either by the RF field pattern or by interaction with ions that are
liberated during the discharge) the potential for damage is enormous.

Damage only occurs
during conditioning??

Massachusetts Institute of Technology RF Cavities and Components for Accelerators USPAS 2010



Iq‘}a High-Gradient Breakdown
I

The goal is to produce higher performance accelerating structures.

Three main objectives:

1. A high ( and stable) operating gradient
2. Preferably no damage

3. Short conditioning period

Most of the damage seems to be caused by melting during the breakdown arc.

!
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Iq{g High-Gradient Breakdown
I

Arc resistance of copper Arc resistance of tungsten

(Iris damage) (No damage on iris)

Supports much higher accelerating
gradient.
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Iq"[a Ferrite Devices
I -_—

We now study a wave propagation through ferrimagnetic materials, and the
design of practical ferrite devices such as isolators, circulators, phase
shifter, and gyrators. These are non-reciprocal devices because the
ferrimagnetic compound materials (ferrites) are anisotropic.

Ferrites are polycrystalline magnetic oxides that can be described by the
general chemical formula

In which X is a divalent ion such €0?* or Mn?. Since these oxides have a
much lower conductivity than metals, we can easily pass microwave signals
through them.

Most practical materials exhibiting anisotropy are ferromagnetic compounds
such as YIG (yttrium iron garnet), as well as the iron oxides.
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Ih"'[a Magnetic Materials
QLAY

From an E.M. fields viewpoint, the macro (averaging over thousands or
millions of molecules) magnetic response of a material can be expressed by

the relative permeability p,., which is defined as

Hr:i
Ho

where
L = permeability of the material (Henries/m

Ly = permeability of vacuum = 4nx10-" (H/m)

Ll =relative permeability (dimensionless)

The magnetic flux density B is related to the magnetic field
intensity H by
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Iq"[s Magnetic Materials
) || —_—
B

=WwH =pou, H
Where in Sytem Internationale (S.l.) system of units,

B = magnetic flux density (Tesla)
L (Gauss) «— cgs units

H = magnetic field intensity density (Amps/m)
L (Oersted) «— cgs units

We think of B as magnetic flux density response of a material to an applied
magnetic force or cause H.

Depending on their magnetic behavior, materials can be classified as:
* dimagnetic
% paramagnetic
*» Ferromagnetic
s anti-ferromagnetic

*» ferrimagnetic
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I‘('"[a Magnetic Materials

CIVA)

Material Group Type Relative Permeability
silver diamagnetic 0.99998

lead diamagnetic 0.999983

copper diamagnetic 1 0.999991

water diamagnetic 0.999991

vacuum non-magnetic 1.000000000000000
air paramaghetic 1.0000004

aluminum paramagnetic 1,00002

palladium paramagnetic 1.0008

 cobalt ferromagnetic 250

nickel ferromagnetic 600

mild steel ferromagnetic 2,000

purified iron | ferromagnetic 200,000

The magnetic behavior of materials is due to electron orbital motion, electron spin, and to nuclear
spin. All three of these can be modeled as tiny equivalent atomic currents flowing in circular loops,
having magnetic moment IA, where | is the current (Amps) and Ais the loop area (m?):

11

A A
<N§ _ | 1 = lA
'S

tiny bar current = current loop = magnetic moment
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Y
The magnetic dipole moment of an electron due to its spin is

=T —9.27x107%*(Am?)

2m,

Materials are magnetically classified by their net (volume average)
magnetic moments:

Z2Y/20 1111 I B

paramagnetic ferromagnetic anti-ferromagnetic ferrimagnetic

A

When we apply an

m
external magnetic bias — ?/
field (from a permanent H, Q

magnet, for example), a spinning

torque will be exerted on / electron
the magnetic dipole: ~
S

T:HOmXﬁO
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IS
An spinning electron has a spin angular momentum given by

S==h
2
where h = Planck’s constant/2n. We next define the gyromagnetic ratio as

m

y = S =4 :1.759><101160u]0mb5/](g

11,

Thus we can relate the magnetic moment for one spinning electron to its
angular momentum

m=—Y5

Now we can write the torque exerted by the magnetic applied field on the
magnetic dipole:

T=—pugysxH
—ds ds ldm = — Jii _
T=C @ M T omxHy — T omxH
dt ~dr oy de "o ) ar  romrio
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Let m=3xm, +ym, +zm, and Hy=7ZH,
Then mxHy=-ym _H, +xm, H i
" dZ,ZX =—Hoym, Hy H
= Woym, Hy
=0
d;:;" +0)%mX =0
dd?y +(,0%my =0

Wy = mOyHo Larmor frequency (precession frequency)
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These are classical S.H.O 2"d order D.Es with solutions:
m, = A cos Mol

m, = Asinoy

m, = constant

The magnitude of m is a constant = 9.27x10%4 Am?, thus

X
‘E‘2:m§+m§+m§=A2+m§ A o
1n
The precession angle 6 is given by —
\/ 2 2 HO 0
] my +mg A
SINO = = s
mm Y

The projection of 777 onto the x-y plane is a circular path:

If there were no damping forces, the precession angle will be constant and
the single spinning electron will have a magnetic moment py7 at angle 0
indefinitely. But in reality all materials exert a damping force so that 112
spirals in from its initial angle until it is aligned with F
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IS
Now consider N electrons in a unit volume, each having a distinct magnetic
moment direction m:

:/%n

N electrons 3

unit volume AV

\

The total or net magnetization of the volume is given by

— —I—m + M4+ m
M = 2 3 N
AV
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IS
If we now assume the material is ferrimagnetic and apply an external

magnetic field H,, these magnetic moments will line up, and my; = m when
Hyis strong.

/ permanent magnet

WV

/ ferrite material

I \
Applied magnetic

field H,
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For a weak applied H, we get partial alignment of mg;:

T

As we increase the applied magnetic field intensity H,, all the magnetic
moments line up and we reach the saturation magnetization M.:

M = Nm

. . dM —
Equation of motion: ——=—pgyM x H
dt t applied magnetic field
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saturation
magnetization
M g

Magnetization (A/m)

n
>

Applied bias field H,

If we start with a sample that is initially un-magnetized, with no applied bias field,
the initial magnetization is M,, As we increase the applied bias field H,, the sample
becomes increasingly magnetized until it reaches a saturation level Mg, beyond
which no further magnetization is possible.
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The magnetic flux density B in the ferromagnetic or ferrimagnetic material is given
by

B =po(H +M)

where

B = magnetic flux density (Tesla)

Lo = permeability of free space = 4nx10-7(H/m)

[ = applied magnetic bias field (A/m)

M = magnetization (A/m)

If we increase the bias field J/{ to the point where we reach saturation, and then
decrease [ ,the flux density 3 decreases, but no as rapidly as shown by the

initial magnetization. When JJ reaches zero, there is a residual J3 density (called
the remanance).

RF Cavities and Components for Accelerators USPAS 2010
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In order to reduce B to zero, we must actually reverse the applied magnetic field.

»

Flux density B (Tesla)

_ Bm ———= saturation
d.c. hystresis loop B
r

Initial magnetization

n

H, Applied magnetic field H (A/m)
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1 — lneracionof RF Signalswith Eertes

Consider an RF wave propagating through a very large region of ferrimagnetic
material with a D.C. bias field 2HO :

z A
The RF field is:
— ~ ~ ~ Bias field H, = H
H,p=XH, +3H, + 2, field Ho = H
The DC field is: H ;. = zH
The total field is: H
z ¢
N N - / Hrf
Htota]:Hrf+Hdc - —> y
. H >
y
This field produces material H,
magnetization:
A\l — A M X
M, =M ,+zM,
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The equation of motion becomes:

dM,
dt

=—WoyM,x H,

dM ,

dt
dM

dt
dM
dt

=—-0oM, +o,H,

~=ooM, -0, H,

Z:0

For the time harmonic (e/®!) r.f. fields we obtain:

_ Wo® ),
MX_XXXHX+XXyHy+OHZ XXX:X}/}/: > 5
Wo — Wy Magnetic
susceptibility

M, =y, H, +y,,H,+0H,

M,=0H +0H +0H, Xy = Xy = 5
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We can write this in matrix (tensor) form:

M, | [t Aw O] H, ]
M, |=|%w Aw O H
Y X vy % B
M, [0 0 o] H, > (M |=y]H]
—_—— — — L, . .
magnetization susceptibility Applied RF
response tensor field

We now calculate the magnetic flux density in the ferromagnetic material, due to rf
field and the d.c. bias field:

B=po(M +H)=[u]H
For isotropic materials, B = uﬁ

B =y |H +pouH

v
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Therefore ) )
pw ook 0

l=pollu]+ [kl =| -k w0
00 g

M:“0(1+XXX):“0(1+XJ/y)

N\

t(w) = pg| 1+ -0
0 ®2 — 2 Depends on H,,M, and
0 > frequency
. OO,
K((D) = _JMOXX}/ = Ho 2 2
Wy —® )

NOTE: this assumes a z-directed bias field and that the material is magnetically
lossless. In this case, both p and k are real-valued.
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Ih"[a Lossy Magnetic Materials
QILPA

We consider a magnetically lossy material. Let o =loss damping factor
so that o, 2w, + jaw becomes the complex resonant frequency. Then

Y
Lxx = Xxxy — Shxx

Y A
Xxy o XX)/ JXX)/

complex susceptibilities

I |
8- .
: - !
1 i
4 - | i
O - - - R ——— - - - - —
x
—a |- | R‘ELI n =
! | M
1 ]
_3 - [ -
:..E* : o) : e
=) L 1 | " 1 |
=
g 16 N '
[ £ ]

12

a0
typical susceptibility curves for a ferrite material with « = 0.1
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For z-biased lossy ferrites, we can show that the susceptibilities are given by

fy £, [fOZ + f2(1+ azﬂ

Koy = (471:2) 5)
o (4n2)fmf a[f02;1f2(1+ ocz)]
g -l 1ol )
where D, = [[02 — [2(1+ ocz)]+ 4f02f20c2

For a given ferrite, we can experimentally determine Hy vs. ), and thus can
measure the line width AH.

AH

. I : :
o = . (attenuation factor) HO = resonant value of applied field H,
2H
201m
AH =——
HoV
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Plane Wave Propagation in Ferrite Media

Propagation parallel to bias field. Assume an infinite ferrite medium with a d.c. bias
field Hy. =zH,, and an rf field (E,H). There are no free charges or conduction currents
in this medium. Thus, Maxwell’s equations are

ferrite medium

Et d.c. bias field H

Prop. direction
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The polarization of a plane wave is determined by the orientation of the electric
field. Elliptical polarization is the most general case. Linear polarization and
circular polarization are the two limiting extremes of elliptical polarization.

y
&y
X
z £
Linear polarization elliptical polarization Circular polarization
E(t) =38, (2.0)+ 38, ()
where
gX(Z,[):gl Sin((Df—ﬁZ) O = phase angle by which

leads €, leads &,

E,(2,6)=&,sin(wr—Pz+3)
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qulls RHCP and LHCP
QIPAY -

y
E RHCP e’ LHCP

S ) 3 -
\/ & =& ,6=-90° \L/ &E=E&,0=90°

Case 1: RHCP Wave

The phase constant is B+ = o)\/g(p + K)

_ -7 g
E+ L (X JY) YJr = (Wave admittance)
HL+K

H, = Y_|_E0(j:Y+j\/)€_JB+Z
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B =wye(u-1x)
E =Ey(i+ )P~

H_=Y_E, (— X+ f/)e_JB_Z

In the z = 0 plane,

_ _ _ 1.. v 1,. . "
Lot = Egpep + Eppep = E(X—JY)JFE(XJF JV)=XE,

E y RHCP E y LHCP y

NI NIE%

USPAS 2010

Massachusetts Institute of Technology RF Cavities and Components for Accelerators



Ih"[s Faraday Rotation
CIPAY -

E(z)= %Eo (F =)+ %Eo (i + )P 1
E(z)=Eg[xcosP, z— 7 sinp, zle P’

E

o=tan (B, [E,)=—p, 2=~ " -5 )

P
<

y E,

The rotation of the polarization plane in a magnetic medium is called Faraday rotation.
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4 - Poem

Suppose a ferrite medium has a saturation magnetization of M, = 1400/4rx and is
magnetically lossless. If there is a z-directed bias field H; = 900 Oersted, find the
permeability tensor at 8 GHz.

Solution: H, = 900 Oe, which corresponds to

fo=2.8MHz | Oe x9000¢ = 2.52GH~
f,, =2.8MHz | Oex1400G x10¢ | G =3.92GH~

R =g 1420 | _0 829y,
. o —_ O —_ . O
R
rr
K= “O|:f‘02 B 1(‘2:| = —0544H0

 0.829 —;0.544 0]

mm)p [u|=|,0544 0829 O
0 0 1
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" A
An infinite lossless ferrite medium has a saturation magnetization of M.=1000/4n G
and a dielectric constant of 6.1. It is biased to a field stength of 350 Oe. At 5 GHz,
what is the differential phase shift per meter between a RHCP and a LHCP plane wave

propagation along the bias direction? If a linearly polarized wave is propagating in
this material, what is the Faraday rotation angle over a distance of 9.423 mm?

Solution:
AnM, =1000G;¢, =6.1; Hy =3000¢; f =5GHZz; ) =6cm.
fo =2.8MHz | Oex3000¢ =840 MH~

f,, =2.8MHz | Oe x1000G x10e¢ | G = 2800 MH~

Ky = % =104.7m™*

_ foly, |_ K=U I Lo =—-0.576p
= + _
nL=pgll <ﬁf 2 0.903u, Ofb 72 0

RHCP: LHCP:
B* = oyfe(ut ©) b = elu—x)

= ko\/e,~/0.903-0576 =147.8m " ko e, /0.903+0.576 =314.5m™
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AB =

B*—p =-166.7m "

The polarization rotation on an LP wave is

(1):_

BB
S (166.7)(9.423)x10° =1.57 rad

X

H, = 300 Oe

0—>

z=0

So that

(90°

2=9.432 mm

Z



1 _  Popgainuanserseiobiasfied

We now bias the ferrite in the x-direction, e.g. 170 = xH |y . The rf plane wave is still
presumed to be propagating in the Z-direction.

X

Propagation direction

Apply Maxwell’s equations to obtain wave equation

1. Ordinary wave (wave is unaffected by magnetization).

2. Extraordinary wave (wave is affected by ferrite magnetization).

Massachusetts Institute of Technology RF Cavities and Components for Accelerators USPAS 2010



I“"[s Ordinary wave
QirA)

— % X
H, =xH t Hpias
. _B |
EO = }/EOG Po , Ferrite
: medium
T _ % ~Boz :
H, =xY Lk e "° T Z

where Y = |— Propagation
¢ U, EO direction
and ‘/Y H,

B, = 0y,E

NOTE: propagation constant B, is independent of H,, . .
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E

—_— Extraordiparywave ______
= X/EOG_JBOZ

e
1 X a H,.
' ~  ~JK ~ B,z ! bias
H. =YL |y+z—|e e
M Ee Ferrite
medium
where
- H,
Y.=|— >
l”le >
and Hey P.ropa.gation
) direction
Be — (D‘\/ Heg % 7y
“2 _ K2
He =
1L

propagation direction.

Massachusetts Institute of Technology

NOTE: propagation constant B, dependents of H,;, and on
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Problem: Consider an infinite lossless ferrite medium with a saturation magnetization of
4nM, = 1000 G, a dielectric constant of 6.1 and H,;, =x1500 Oe. At 3 GHz, two plane waves
propagate in the +z-direction, one is x-polarized and the other is y-polarized. What is the
distance that these two waves must travel so that the differential phase shift is -90 degrees?

Solution:
£ =3.0GHz (A, =6cm)
fo=2.8MHz | Oe x1500 Oe = 4.2GHz
f,, =2.8MHz | Oex1000 Oc = 2.8GHz
ko =2m/hg =104.7m*

fOfm
1§ —1°

L=Ugl 1+ =1.36p,
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Solution: cont.

The y-polarized wave has H = }HX and is the ordinary wave. Thus
B, =.c, K, =258.6m"

Therefore the distance for a differential phase shift of -90 degrees is

L -2 /2
B. P, 2586-2109

=0.0329m =32.9 mun

Massachusetts Institute of Technology RF Cavities and Components for Accelerators USPAS 2010



Iqus Ferrite Isolators
I

An ideal isolator is a 2-port device with unidirectional transmission coefficients
and a scattering matrix given by 0 0

sI=1,

Isolators are lossy and non-reciprocal.

Isolator types

1. Faraday Rotation Isolator. This was the earliest type of microwave isolator, but is
difficult to manufacture, has inherent power handling limitations due to the resistive
cards and is rarely used in modern systems.
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Iqj[s |solator types
I

2. Resonance Isolators. These must be operated at frequency close to the
gyromagnetic resonance frequency. ldeally the rf fields inside the ferrite material
should be circularly polarized.

| | o [ | o

H-plane resonance isolators

I H,
Helical
transmission
line
E-plane resonance isolator Ferrite loading of helical T.L.
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3. Field Displacement Isolator. Advantages over resonance isolators:
d much small H, bias field required

O high values of isolation, with relatively compact device

4 bandwidths about 10%

Resistive card
ferrite

Massachusetts Institute of Technology RF Cavities and Components for Accelerators USPAS 2010
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Propagation in Ferrite Loaded Rectangular Waveguides

Consider arectangular waveguide loaded with a vertical slab of ferrite which is
biased in the y-direction

y A

air

k. a

In the ferrite slab, the fields satisfy Maxwell’s equations:

y4

Vsz—j@[p]ﬁ n 0 — ]
Vx I = josk = 0 o0
k0w

Massachusetts Institute of Technology
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Propagation in Ferrite Loaded Rectangular Waveguides
Assume propagation in the +z direction: Let

E(x,y.z)e(x.y)+ze, (x,y e ™

H(x,y, 20 (x,y)+ 2, (x,y)je P

Consider TE, modes, i.e. E,=0 and 9 _ =0 .

oy

2 2 — .
K/ Z\/(D “eS_B K s = cutoff wave number for air

— \/](02 — ﬁz K, = cutoff wave number for ferrite
- K
H, = < Effective permeability
v
£=¢,€
K= 21T/ Ay
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Propagation in Ferrite Loaded Rectangular Waveguides

(Asin k,x for(0< x <0)
e, = 1Bsink,(x—c)+Csink, (c+t—x) for(c<x<c+t)
\Dsink,(a— x) for(c+t < x<a)
shyA COS &, x for(0<x<c)
WHo
S Bsink,(x—c)+Csink (c+¢—x)]
bZ =1 OHH,
+uk,cosky(c+tx) for(c<x<c+t)
L cos k,(a— x) for(c+t<x<a)
. OHo
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Propagation in Ferrite Loaded Rectangular Waveguides

Apply boundary conditions E,, ;= E,,,, at X=C and x=c+t; also H,,,;=H,,, at these
boundaries. This means we must have match e  and h, at the air-ferrite boundaries to
obtain the constants A,B,C,D.

Reducing these results give a transcendental equation for the propagation constant .

5
E T, =0
n=1
kY B\’ k B
K K
T,=| | T, = Ty =—k, cot k| —L—cot kyt ————
He ML okt MoK,
k ’ k
T, =- ~L | cot k,ccot k,d,Ts =—k, cot k,d L_cot ket + B
Ho Mok HokH:

Massachusetts Institute of Technology
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Propagation in Ferrite Loaded Rectangular Waveguides
5

After solving ZTH — ( for the roots B, we can then calculate the wave number k;
and k.. n=1
We can then calculate A,B,C,D by applying B.C’s

e, matched at x=c

e, matched at x=c+t

h, matched at x=c
h, matched at x=c+t

Let A =1, then
Sin &
O ="

SIN &t

p=Fte ﬁcos k. + L[1<[35in kot +nk, coS k,t]

k(Mo HH,

p= 3Nkl (d=c+t—a)

Sin & d
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Propagation in Ferrite Loaded Rectangular Waveguides

We can now calculate the fields for each of the three regions.

To design aresonance isolator using a ferrite in a waveguide, we can choose either
an E-plane or H-plane configuration (the h-plane version is easier to manufacture).

We need to find the necessary design parameters to give the required forward and
reverse attenuation:

AHO

L

Cross-sectional area of ferrite (AS)

Length of the ferrite (L)

Saturation magnetization 4nM,
Bias field H,

a k~ 0D PE

Location of ferrite (X;)

B

AS

Massachusetts Institute of Technology RF Cavities and Components for Accelerators USPAS 2010
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Propagation in Ferrite Loaded Rectangular Waveguides

R o reverse attenuation

o, forwarsd attenuation
We wish to choose the location X, such that R is maximized. If a<<1, we can

show that 5
P :i:(4Hoj

max (],2 AH

2
BZ "o {0 "
Optimum position X, can be found from 2T Y 10X xx Lxv
cos ==20 — 4

d 2 TC 2
” ”
a = waveguide broad wall dimension (m) BloX s + . Xy

Xo = optimum location for slab (m)

2
A
B = ko 1- (Z—Zj = phase constant for empty guide (m)

4
Xxxr =xx-susceptibility, imaginary term

"
XXy = Xy-susceptibility, imaginary term

Massachusetts Institute of Technology RF Cavities and Components for Accelerators USPAS 2010
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Propagation in Ferrite Loaded Rectangular Waveguides

Filling factor: AS/S Ferrite
Y P
AIR
AIR
. L E-plane AS _ th _£
b : isolator < - b o 2
Y e
= g
a
AIR
. H-plane AS _ wit
isolat o
W i isolator Ky ab
v t
— ! g
a
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Propagation in Ferrite Loaded Rectangular Waveguides

If AS/S <0.02, we can calculate the differential phase shift (RHCP — LHCP) as
— 2k KAS

B, —p =" sin(24 ) Bo =+ ks — &
vl

o, = E[BSXLLX sin® k,x + ky., cos® k.x F ", k.Bo sin 21{C.X]
0

Consider an H-plane resonance isolator to operate at 9 GHz, using a single fettite slab
of length L and cross section of 0.187” x0.032". It is bonded to the lower broad wall of
an X-Band waveguide (a=0.90", b=0.40") at X, . The ferrite material has a line width AH
= 250 Oe and a saturation magnetizations 4nM, = 1900 G. Find the internal bias field
Ho. the external bias field He, the position X, that will yield R,,, , the value of R, ,o
and a, . If the reverse attenuation is 25 dB, find the length L of the slab.

b

0.187"
7/077).0.082" '

0 X, a
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Propagation in Ferrite Loaded Rectangular Waveguides

The internal bias filed is

~ 900MH-z
2.8MH~ | Oe

The external bias filed is

o =Hy+4nM ¢ =3214 +1900 = 51140e¢

0 =32140¢ (Al m)

with oo = AH /2H, =0.039,f, = f =9GHz,f, =5.32GHz ,
X = 1.603, %, =7.997
The free space wavelength is A, =3.4907 in-1, B,,=3.2814 in-!

== To solution: Xy/a = 0.260 and X,/a = 0.740

To get small forward attenuation and large reverse attenuation, we X,=0.666".

Massachusetts Institute of Technology RF Cavities and Components for Accelerators USPAS 2010
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Propagation in Ferrite Loaded Rectangular Waveguides

R = 42 = 4 > = 2630
o (0.039)
4 4 AS
R = = =2630— =(0.032" )0.187")/(0.9")(0.4" )= 0.0166
2 ogaep = 20y ~(0032)0187)/(0)04)
—O4147sm —+O4693<:os +O44083|n
d d d

( Neper/inch)

To convert to dB/inch, multiply (Neper/inch) by 8.686

—3.6021sin% 22 4+ 4.0763cos% 22 + 3.829 sin

a a a
( dB/inch)

Massachusetts Institute of Technology RF Cavities and Components for Accelerators USPAS 2010
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Propagation in Ferrite Loaded Rectangular Waveguides

& ! ! ! r ! ! ' ! 3

Attenuation (dB/inch

i ! | 1 ! ; 1 - i 4
%' 5 0.55 0.6 0.65 0.7 0.75 0B 0.85 09 0.85 1

t

Mid point Distance X,/a along broad wall

The maximum reverse attenuation o_is approximately 7.75 dB/inch. Thus the
necessary ferrite length is L=25dB/7.75dB/in = 3.23"

Massachusetts Institute of Technology RF Cavities and Components for Accelerators USPAS 2010



Ih"'[a Field Displacement Isolator
Q1) L

By placing a ferrite slab in the E-plane with
a thin resistive sheet at x=c+t, we can
cause the E fields to be distinctly different
for forward and reverse propagation. We
can make the E field at the slab very small
for +z propagation waves but much larger
for —z reverse wave.

Resistive
sheet

Forward

Massachusetts Institute of Technology RF Cavities and Components for Accelerators USPAS 2010
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Propagation in Ferrite Loaded Rectangular Waveguides

(Asink, x O<x<c
ey=<BSin1{f(X—C)+CSinkf(c=t—X) fernite
Dsink (a—x) c+t<x<a
L d
A y
b
f
Ey Er
sin .ts/d y sinh ws/d
- _—
> X |, X
< d :a a
Forward Wave Reverse Wave

For Efy of forward wave to vanish at x=c+t and to be sinusoidal in x, we require
T

Sin(]{;[a—(c+[)])=Sin]{;dzO E—> k;:d
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Propagation in Ferrite Loaded Rectangular Waveguides

For E', of the reverse wave to have a hyperbolic sine dependence for c+t <x<a, then
the k', must be imaginary. Since 12— koz B,2this means that [*<k,and [3- >k,
o= _

Very important: We also require W, =
we want to force E, =0 at x =c+t 1

?-I-—_-F-._
| 4 O =
Region of Tl !
negative s
effective —2r Gl N 11 GHz
permeability e N

Massachusetts Institute of Technology

-4 L l |

L]

) ] | I

T 200 400 6 800

&MFCQI!& Hy (OERSTEDS)

1600

RF Cavities and Components for Accelerators

1200 1400 1600 13002000
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IS el
Q provide variable phase shift by changing bias field of the ferrite

Nonreciprocal Faraday Rotation Phase Shifter

: i
E’T - Quarter-wave plate
— 1 Bias coil
! Ere Ferrite rod
Yort 1 Quarter-wave plate { el chuc )

Massachusetts Institute of Technology RF Cavities and Components for Accelerators USPAS 2010



(U1 errite Phase Shif
First A/4 plate converts linearly polarized wave from input port to RHCP wave; in the

ferrite region, the phase delay is B*z, which can be cancelled by the bias field H,,
the second A/4 plate converts RHCP wave back to linear polarization.

Advantages: Cost, power handling
Disadvantage: Bulky

Waveguide — port 2

Flux

drive — —
coil \

IR

Circular polarizer
magnets (four
each end)

Metallized ferrite rod

Matching element
{each end)

Waveguide — port 1

Massachusetts Institute of Technology RF Cavities and Components for Accelerators USPAS 2010
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Reggia-spencer Reciprocal Phase Shifter

Reciprocal phase shifters are required in scanning antenna phase arrays used
In radar or communication systems, where both transmitting and receiving
functions are required for any given beam position. The Reggia-spencer
phase shifter is such that a reciprocal device. The phase delay through the
waveguide is proportional to the d.c. current through the coil, but independent
of the direction of the propagation through the guide.

Massachusetts Institute of Technology RF Cavities and Components for Accelerators USPAS 2010
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Nonreciprocal Latching Phase Shifter

Or a simpler version using 2 ferrite slabs:

HO <—>1HO

12
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