





Lorentz Force Law

—

F:q(E+VXB)

E Newtons per Coulomb=V/m
“electric field strength”

—

B Newtons per Ampere-meter=T=Whb/m?

"magnetic flux density”
or “magnetic induction”

.defines the fields &

abstracts them from the sources
.describes “test particle” motion
.describes response of media

Hendrik Antoon Lorentz
b. July 18, 1853, Arnhem, Netherlands
d. Feb. 4, 1928, Haarlem




Example: Conductivity

—

mdv—qE m! v=9'E
dt m

) () (Of
O\ )
(o) () (5 " TE
) ) NG O

0 ="0p"=5.8%10"mho/m for Cu

Georg Simon Ohm
(b. March 16, 1789, Erlangen, Bavaria --d. July 6, 1854, Munich)

P. Drude, 1900



NB This is a simplified picture of
a normal conductor...occasionally
this picture breaks down...




and of course this model cannot be applied
to all materials...

METALS Metals are chemical elements which form solids that
. are apaque, lustrous, good conductars aof electricity

~ and heat, and when polished, goed reflectors of light. Mast
 metals are strong, ductile, and malleable, and, in general, af high
density. Metals are the primary structural materials of
technaolegy, and include the great range of iran-based alloys (e.g. cast iran,
plain carbon steels, allay steels).

This class may be defined as any inarganic,

nonmetallic solids processed or used at high
Mltemperatures. We immediately think of such things as
_pottery, sanitary whiteware, tiles, table china, etc. We often
o overlook the the mare " high tech " applications of axides,
carbides and nitrides. Many of these are of great industrial interest. Ceramics
also include materials such as glass, graphite, and cement (concrete).

8 This is a special categary of

non-metallic inorganic material.
They are insulators in which the energy gap between
the state of the valence electrons and the electraon states
required far electrical conduction are much smaller
than in conventional insulaters and can be bridged by
thermal excitation ar by intreducing small levels of
impurities with electron states in the gap. These
material are the building blocks of transisters, selid
electronics and computers.

: “;,M POLYMERS These cover a group of materials with the commean

g feature that the binding is cavalent. At one end of the

" scale are the linear palymers in which the simple maolecules, aften
carbon-hydrogen groups, are joined inte very long chains by sirong
% covalent baonds and the binding between the chains is due to weak van
| ~ der Waals farces. They are never fully crystalline. They are the basis
S ef woed and thermoplastics. At the other end of the scale are the
close-netwark polymers in which three-dimensional covalent maolecules are
formed by peolymerization of monomer units. Besides plastics, polymers are
the basis of the paint, rubber, and synthetic fiber industries.
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Maxwell’'s Equations

Electricity & Magnetism before Maxwell...

e Charges repel or attract
o Current carrying wires repel or attract

e Time-varying currents can induce
currents in surrounding media

After Maxwell...

e Lightis an electromagnetic
phenomenon

e Nature is not Galilean

o« Thermodynamics applied to
electromagnetic fields gives divergent
results

o Matter appears not to be stable

e Questions arise concerning
gravitation...



“Ordinary” Electronics

svoltages vary slowly on the scale of the

transit time = circuit size / speed of light

ecircuit size small compared to wavelength
svoltage between two points independent of path
smay treat elements as “lumped”

sunique notion of impedance of an element
*bring a multimeter

Microwave Electronics

scircuit size appreciable compared to a wavelength
svoltage between two points depends on path
selements are “distributed”, spatial phase-shifts
occur between them

oif the word “impedance” is used, you may always
ask how it was defined...

oif any result of test & measurement is quoted, you
may always ask how the equipment was calibrated
*bring crystal detectors, filters, mixers, a signal
generator, a spectrum analyzer, and, if you have
them a network analyzer, calibration kit, vector
voltmeter






Gauss’s Law
fDe*dS=[pdV
oV V
(D, ~Dy)+ hA =3A
D -3 < Clm?

electric displacement

or electric flux density

Ampere’'s Law
before Maxwell

Hedl =[JedS
L

n

Medium 2

[ ——

—

+l+++++++H+++++++

Medium 1

e

pillbox area A

surface charge density 2.

PNy

Medium 2

<

Medium 1

-

contour side L

surface current density K /

magnetic field strength

or magnetic flux






In Media...

D=¢c,E+P=¢E

electric dipole moment density P = XegOE

H=Blu,-M=B/u

magnetic dipole moment density M = XmH

Finer Points:

*These are really frequency domain
expressions

In general &, are tensors

e L may be non-linear & biased by a DC
field

*H,D depend on your point of view



Faraday’s Law

e Before Maxwell, Ampere’s Law was inconsistent with
conservation of charge

o After Maxwell, the fields didn’t need charge to
support them, they could propagate on their own

e Of course no one believed Maxwell, but the fields
didn’t mind



Charge Conservation

P iej=0
ot

or
0 L
—[pdV =—-¢Je*dS
oty J

Ampere’s Law (before Maxwell's addition
of Displacement Current) implied

—_

a—ﬁ):— oj:— [ XH:O
ot

...actually not a bad approximation in
conductors, or a dense plasma..
excellent for electrostatics, magnetostatics



Maxwell’'s Equations

Gauss’s Law eD=p
Ampere’s Law - X [:[ — j + é,_D
with ot
Maxwell’'s Displacement Current A4

, . - _ OB
Faraday’s Law X E = —

ot

No Magnetic Charge o é =0

James Clerk Maxwell

b. June 13 or Nov. 13, 1831, Edinburgh
. d. Nov. 5, 1879, Glenlair




Boundary Conditions

apply Maxwell’'s equations in integral form...

(5 —[3)-ﬁ—z n A Medium 2
2 1 - — —)
0

+l+++++++H+++++++

Medium 1

pillbox area A
surface charge density 2.

ﬁ X (I:IZ — I:Il) — K ]‘ ﬁ A Medium 2
.
0)

Medium 1 f
>

contour side L B
surface current density K



Example to lllustrate €:
Unmagnetized Plasma

E = D(Eef“’t) ;(Ee/“’t +E*e‘f°"f)

~ 1 qr ~_ Opc
vV = EO J=nqv =
(1+ joor) m " (@ jeor)

~

Apply charge conservation & Gauss’s Law...

D'(SOE:ﬁ:_iD'j— iDo O-DC E
jow jo  (1+ jowr)
D°E$o+ 1 _9pc =-gp E=¢gy+ 1 9nc

0 Jo(l+jwr)g jow 1+ jor)

2 2

W
N.B. |im £ :1——’27 with a)g -9
T_,oogo 00 mgo






Polarization Iin the time domain...

+00 dC() . »
Pit)= [ — e/“'P(w
=1 5,8 P
+00 dC() . »
= /e v (WE(w
_J(;O\/ZT[ OXe( ) ( )
400 400 I
W ot
= — e’ E e
AN 2T 0Xe(® )_L«/Zn

£o J’dt’G(t —t")E(t")

where the Green’s function is

1 +o00 .
G(t)=, | dw e xe(w)

Xe(®) = +f° dt e ' G(t)



Example...unmagnetized plasma...

1 +o00 .
G(t)= | dowe" xe(w)

2
+eo - Wi T
= i J‘ dw e/wt . P .
27T o, Jjo(1+ jor)

= a)lzjr(l— e_t”)H(t)

w-plane
for t>0, contour
may be closed

with contributions _
from two poles / slelis &l =0

>

contour
for t<0, contour
may be closed

at Ime - —oo
so thatG=0




Susceptibility in the High Frequency Limit
when the Green’s function is analytic near t>0,
+00 _
Xe (W) = [ dt e 1'G(t)

G (0),n
n

; dt e /U H(t) Z

= G"(0)g, J
s GO0, d’

n=0 nl
§ c\")g. 4 d 1
n=0 N dwl! jw

@D (2)
60 _6%0), 690

W W2 w>

jdte i

Example: unmagnetized plasma



Kramers-Kronig Relations

Since G Is causal X, must be analytic
In the Imw<0 half-plane, so that

Xe(w) = Zijfi(f, (_waz

for points w,w’ and contour Iin the
lower half-plane. Let the contour lie
just below the real axis and use

1 0 1 0

lIm — =P

+ o(w' — w
-0 -w-je L -l 799( )

then

15" Xe(w)
:_P Nne\—- 7
Xe(©) 0] _{ow’—w

+o00 I
Oxe(w) = EP [ OXe (') re_lates |
T - W—w dispersion
&
1 +oo[| C()’
OXe(w) = -—PJ Xe(®@) absorption




Scalar & Vector Potentials

éZEX/Zi E:—d_A_ﬁ¢
ot
Maxwell’s Equations...
JeB=0+0xA=0 U
. - - 0OeA -.0O . .
DXE:ng—a——quD:—QDXA:—
] ot ] ot




Gauge Invariance A A-Ly

oy
b+

leaves E,B unchanged

Lorentz Gauge (e A+ ,ug@ =0

%A - ,uei;';\ =-uJ 0% - usﬁ =-ple
oy e St (2
Coulomb Gauge [Je A=0
[12A - uei'zz\ = —uJ + el %
ot ot
% = -ple

related to the Lorentz Gauge potentials via

(PP

%y = —pue
Dﬁ t ELorentz Gauge






Energy Conservation

—J « E = rate of work done on fields

—

. -0 -
L B2 BsEEs 2
ot 0
a* _ - - o~ - .-
e E-[1x HeE+OxEeH-0OxEe*H
ot —
O+ (ExH)
= E+ne(ExH)+ %R
ot ot

S = E x H = Poynting Flux

In a linear medium, with € and [
independent of frequency:

u=E D +B+ H =field energy density



When € and [l are not independent of frequency
we should work in the frequency domain...

E = D(Eef“’t) ;(Ee/“’t +E*e‘f°"f)

and similarly for J, H, etc...let us compute averages
over the rapid rf oscillation...can show that

§:%D(ExF/D)

somewhat more challenging is the calculation of the
rate of change of field energy density

D,z , B
Ca o

Questions arise...is this integrable?

F=9u s

ot

and if so, what is the
average stored energy density TE:



—

oD
ot

To address this problem we first compute o E
take  E(f) = D{E(w, t)ef‘*’f} = D{(EO (@) + El(w)t)ej“’t}
D(t) = £,E(t) + I]{I5(a), t)ej‘*”}

and compute P...

+o00

P(w,t)e’ = g, [arG(- t')(éo(w) +El(a))t’)ef“”'

+o0o +00

= g,E, (w)Idt Gt -t)e!™ +¢g, l(a)) J' dt'G(t —t')e’™

. : . d .
= &Eo(w) X, (w)ejwt + 5051(0‘))].5—&))(6» (w)ejwt

or

P(w,t) = €9E(w) X, (w)

. Y. ~
= & X (WE(w ) - &) %El(w)

then
D = [ - : PO
PD & 9E , £o0 JjwP(w,t)e’ +e’™ 0—PD
a ot a ot

JE ax IE (co,t)0
& — + &0 0w Ea)t e F(w)B™ +e/y (w
- ow@( JE(@D)=j—° 1()% x()dt%

0 .0 0Ewt) . =~ . dx, =
D%ef Eg—o"t + JewE (,t) + £,E, (w)w dw%

H wWE(wt) dwe) . ~ B
éej E > e +jewE(w,t)%

finally

(@) . O
) OE@D, 25y ). oo
0 ot 0



—‘I::(ou,t)‘2 = e,-cul:z(ou,t)‘2 Py

so that, in the absence of losses,

D, z, 0B, ;_du
a ot ot

r

where the field energy density is

(ws,-)DEBI::(w,t). ~
ow E t

_ 1 ~ 2 0
= B %5

‘I—Nl(w, l‘)‘2 ﬁ

Energy conservation takes the form

JeE-m-5+2

ot

with time-averaged Poynting flux

s = 0(ExA)




Skin Depth

Start from Maxwells Equations

Axf =2 +5=j=0f
ot
S ﬁ; B Fields LI exp(jwt)

OeE=0+B=0
Reduce to an equation for H
% (Bx A) = B0+ A) - 0%A = -0%A

= [ X(JE) = — jowoB = - juwoH

5:J 2 _vskin - depth"
Hwo

= 2um at 1GHz in Cu



Let’s solve for fields in conductor...

VACUUM
tangential H
normal H select coordinate
along
outward normal
d° ~ 2 .
——H; —jsgnw— H; =0
dgz t .I g 52 t
H; (&) = H;(0) exp@g(lﬂsgnw)ﬁ
E=taxA=tax = _zaxA,
o o 0¢
“impedance boundary condition”
+ _
Ls = : j;gnw = Rs(1+ jsgnw)

1 :
R, = _— surface resistance
o

= 8.3mQ at 1GHz in Cu






Orthogonal Modes

(Uniform Waveguide)

From Maxwell's Equations, with fields [] glWi=Ik,2

«E=0B=0
x E = —jwB
O xH = jowD
we can see that E & H satisfy the wave equation,

) (0% A) = -0

v

= joi) % D = jooe(~ jooB)
= w’euH

and similarly for E, so that

(O3 +KZ)A =0

(DZD + k§)l:= =0

where ki =w’eu k3 = k5 — k2



The divergence conditions take the form

E,= 1D EL, H,= 1D « Hy
IL¢. ILe

so that the longitudinal field components may be determined
from the transverse components. In addition,we may write
the curl equations

E = liZOH ZoH = - - Laxe ZO—/E
jko jko Ve

to express the transverse components in terms
of the longitudinal

—jkoZoHp = =2 xOpE, = jk,2 X Ef;
jkoEn = =2 xOpZoH, = jk,2 x ZoHp;

or

= K = Kk, - =~ [

E- = X 1-ZaH., ——40-E
0 /kZEZ 040 - zE



TE Modes E_=0

transverse fields may be determined from H,

K,

ZaHA = 0nZoH,

o' 'O jk2 [0<0
Eq=-"92x0:Z4H, =--22x%xZ,H
] jk2 [1<0 k o' ']

longitudinal field satisfies
0% +k%)H, =0  wi "
[] c |, — with boundary condition
A ~ _ k, . OH
O:n.ZOHD Zn.DDZOH l.e. 2 :O
JK¢ on

TM Modes H,=0

transverse fields may be determined from E,

ED =5 gk,

longitudinal field satisfies

(DZD T kcz)éz =0 with boundary condition Ez =0



Cut-Off & Characteristic Impedance Z,

Boundary conditions restrict the permissible values

of cut-off wavenumber Kk to a discrete set. Each mode
has a corresponding minimum wavelength A_. beyond
which it is “cut-off” in the waveguide.

A: =21l Kk,

The guide wavelength is

Ag =2mlk, = Agl\[1- A3/ 22

/\O — 27T/k0

In general for a given mode we have

ZHy=2%xE-

where
i @:ZA_Q
7 :Bzokz OAO
: [] kz_ AO
=2 = 25 =

TE mode

TM mode



Modal Decomposition

A general solution for a given geometry may be
represented as a sum over modes

Et = ZEDa(FD)Va(Z’w)
I:It = ZHDa(FD)Ia(Z’w)an(w)

where  Z . Hp; =2 X Eq,
and we adopt the normalization
2 = =\ —
Jd°rEpa(To)* Epalfn) =1
where the integral is over the waveguide cross-section.

We choose the sign of Z for positive k,.
The coefficients V,| take the forms

V,(z,0) = Ve K=? 1/ glKea?

Z ool (2, 00) = VS Kea? —\/ - glKea?



Relation between Power, V & |

One can also show, for non-degenerate modes, that

[d*Epa(fn) * Eqp(fa) = S
Z caZ o[ d°rHpa(T) * Hop () = 8ap
jd*ry2- (EDa X HDb) = 00 Zca

This requires Green’s Theorem,

2y, + By » O, \d2r = g, P2
f(‘l’lD Yo+ Uy Dilfz)d r=gin—=di

and the eigenvalue equations for H, & E,

As a result, one may express the power flow in the
waveguide, in terms of V & | according to

P = jdzr%D(Et x Ar)

= %%D (Valz)



Meaning of V,l

Given the orthogonality relations, one can determine V,/
from the transverse fields at a point z

Va(2,w) :J'dzfm’::t(FD’Z)° Era(o)
Ia(z,a)) = an,rdzrDI:lt(FD’Z)° HDa(FD)

and this is enough to determine the solution
everywhere in the uniform guide, since this
fixes the right & left-going amplitudes.

Given the uniqueness of V,I, their
relation to power, and the units
(volts, amperes) it is natural to refer
to them as voltage & current.

It is Important to keep in mind however
that they appear as complex mode
amplitudes,not work done on a charge
or time rate of change of charge.

at the same time, for particular geometries and
applications, V & | can often be related to these more
conventional concepts



Phase & Group Velocity

consider a narrow-band drive at z=0

V(t,0) = f(t)e’™

\7(0)’ 0) = }o %Tf(t)ej(wo—w)t

F(t) = }o %V(w,o)e/(w—wo)t

—00 V

compute the voltage down-range

V(t,z) = j 20} nV(w 0)e/@Ikz2

00 Jlow—w Wy )Z— ak, wy )(w—w, )z
I d#V(w O)e( o)t /k( o) jda)( o)( o)

- o g (i) 3=z 0
— e/wot‘lkz(wo) | W 7 V(O) 0)e 0 deo 0
ooV 21

_ Joot=jk, (wp)z ak, O
e f% o D







Summary

0 Lorentz Force Law

0 Maxwell’'s Equations

0 Skin Depth o

0 Modes in a Waveguide

0 Phase Velocity v, & Group
Velocity v,
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Vocabulary

Electric Field E

Magnetic Field H

Energy U, Power P

Frequency f, or Angular Frequency w
Conductivity, o or Resistivity p
Phase Velocity v, Group Velocity v,
Distributed vs Lumped Elements

E & H Fields, Charged Particles
Behavior of Fields in Media



For More Information...

http://beam.slac.stanford.edu/

W3 Virtual Library of Beam Physics

links to all accelerator labs on the planet
...conferences...schools...news...jobs...
companies...vendors...databases...
researchers...preprints...




Recommended Reading

e RF Engineering for Accelerators, Turner, (CERN 92-03)
An introduction to RF as applied to accelerators.

e Microwave Electronics, Slater
The classic introduction to microwave electronics.

Related Texts

« Classical Electrodynamics, Jackson
A graduate level electrodynamics text.
« Field Theory of Guided Waves, Collin
A modern introduction to microwave electronics.
« Foundations for Microwave Engineering, Collin
An overview of the elements of microwave electronics.
« Microwave Measurements, Ginzton
An introduction to practical microwave work.
e Principles of Microwave Circuits, Montgomery, Dicke, Purcell
An introduction to common network elements.
« Waveguide Handbook, Marcuvitz
Analysis of the circuit parameters for network elements.



Elemental units
Length

Mass

Time

Electric current
Temperature
Luminous intensity
Plane angle

solid angle

Derived units
Acoeleration

Area

Capacitance

Charge

Density

Electric field strength
Energy

EatEe

Frequency
[llumination
Inductance
Kinematic viscosity
Luminance

Luminous flux
Magnetic field strength
Magnetic flux
Magnetic flux density
Power

Pressure

Resistance

Stress

Velocity

Viscosity

Voltage

Volume

S| Units

metre
kilogram
second
ampere
kelvin
candela
radian
steradian

metrel/second squared
square metre

farad

coulomb
kilogram/cubic metre
volt/metre

joule

newton

hertz

lux

henry

square metre/second
candela/square metre
lumen

ampere/metre

weber

tesla

watt

pascal (newton/square metre)

ohm

pascal (newton /square metre)

metrelsecond

newton-second/square metre

volt
cubic metre

mis?

A stV
Ars
ke!m?
Vim
N-m
ke - m/s?
g1

1t/ m?
VA
méls
od /m?
od - sr
Alm
Vs
Whim?
Jis
N/m?
ViA
N/m?
m/ls

N - s/m?
WA

QAP B

rad

;pb;pg'—lg :r:p'?Ez“' ™ =

<




Handy Numbers

10l0g,5(1/2) = —3dB
10log,5(1/3) = -5dB
2010g,7(0.99) = -0.1dB
ImW = 0dBm

K =401W/°K m
C=385J/°K kG
a=1.7x10"/°K
p=156x10"°Q -m

Copper

1 L O [



Joint Accelerator School

RF Engineering
for Particle
Accelerators

To

nUnderstand
O Invent

0 Design
0Build
0Operate

RF Systems



Klystron 1 - Space-Charge Limited Flow, Guns

Klystron 2 - Bunching, Space-Charge

Klystron 3 - Simulation




Outline for Morning
|_ectures

1 Microwave Electronics 1 -Maxwell's Equations & Modes in a Guide
2 M.E. 2 - Equivalent Circuit Representation for Modes in a Guide
3 M.E. 3 - Modes of a Cavity

4 Cavity Design

5 M.E. 4 - Cavity with a Port & External Q
6 M.E. 5 - Microwave Networks
7 M.E. 6 - Slater's Perturbation Theorem

8 Superconducting Cavities

9

10 —
11

12 SLED Pulse Compression

13 Wakefields 1 - Fundamentals

14

15

16 Ferrite Loaded Cavity 1

17 Wakefields 2 - in SW & TW Structures
18
19
20
20 Wakefields 3 - Other Sources of Impedance
21 Other RF Sources

22 High Gradients in Superconducting Cavities
23 Modulators

24 Windows & High-Power Transmission

25 Ferrite Loaded Cavity 2

26













Why are you here?

What do you want?

Understanding of fundamentals...

Distributed vs. Lumped Elements
*The Meaning of Current & Voltage
*Transit Time & Retardation

Familiarity with the language...

v, 1, Z, 0, R, Q,, Q. R/Q...
e TmMode, Travelling Wave,...
*Tee, Load, Circulator, 3dB Coupler...

Ability to Solve Problems...

How to design, build & tune my cavity?
*\What is the right power source to use?
My system isn’t working, what to do?



