b

Search for simple modes:
Transverse electric and magnetic (TEM) waves cannot exists, since:

E,=0andB,=0 = E, =0and B, =0
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TE and TM Modes

. L
Fourier expansion of the z-dependence: E(X, Y, z,1) = j Ekzw (x, y)e**"“'dk_ dw
VE=LOE _ VIE, =-{(®)"-K]E,
V'B=240/B ViB, =-{(2)*~k’IB,

Eigenvalue equation with i L

i+ g E,=0 B, =0
boundary conditions: I
- ~ E,=0 0,B, =0
VxB==%0,E o r
V,xB,+ikgxB, =—iwtE = e X

V. xB, +ik & xB, =—lo— E = 0,B, =0
Solutlons for E or B only exist for a dlscrete set of eigenvalues: ( )
2
(%) o z = kr(lB)

Due to different boundary conditions, E, and B, cannot simultaneously be nonzero.

_ 1, (E)2
= k!

TE modes have E, =0 TM modes have B, =0
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Dispersion relation

o(k,) =cy A2 +K

2
Phase velocityV , = @l K, =C41+ (i) >C
p z k, a)

2 i

Group velocityv,, =dw/dk, =c/ ( ) <C, :
1F

For each excitation frequency o one 0.8}
obtains a propagation in the wave guide of Aamy
0.4r

ik, _ 2 2 .2}
"k, = () - A "

0 . . . . 1
Transport for @ above the cutoff frequency @ > @, = CA] K
Damping for o below the cutoff frequency @ < @, =CA
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Boundary conditions:
E,(%)=0 VIE,=[k?-(2)’]E,
E,(X) =E, sin(=x)sin(%-y)
(2)" Kk =k = () + ()
0,B,(%)=0 V2B, =[k!-(2)’]B, «*

z

B,(X) =B, cos(”{ X) COS(-Y)
(2)? ~k2 =k©? = (2] + (o)

TE and TM modes happen to have the same eigenvalues.

For simplicity one still looks at TE and TM modes separately.
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Boundary conditions: E,(X) =0

E//()*(o):O
E, (X) =[Acos(=x) + Bsin(= x)]sin - y)
E, (X) =sin(Zx)[C cos(5- y) + Dsin(5- y)]
V,-E,=0 = D=0, B=0, C=-Alb

—

V, xE, =iaB, cos(Zx)cos(iry) = AL (50 + (7)1 =B,

B,(X,)=0  B,(X)=sin(*+x)[C'cos(-;-y) + D'sin( y)]

B, (X) =[A'cos(5- x) + B'sin(=- x)]sin(5-

V,xB,=0 = D'=0, B'=0, C'=Anb
V,-B,

k(E)2

nm

y)

=—ik,B, cos(*=x)cos((=y) = A-Lk{P?=_jk B,
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TE Modes ”{k:ﬁsin(”{ X) cos("}= y) sin(k,z — ct) TM Modes:
B(X) =B, %&Tzﬁcos(”{ x)sin(%= y)sin(k,z — at) Exchange of
cos(== x) cos(< y) cos(k,z — wt) EandB
=2 cos(—=x) sin(%= y) sin(k, z — wt)
b a b y z @
E(X)=1#zB, — 22 sin(*= x) cos(= y) sin(k, z — at)
0
- - St g
Notation: TE,, Mode ~ - I RN
Olo/ 0.8 "\ o®)
L 10 65@,81 1
ARNEHNEY
ld\e v _‘—Q /f®’.| :
W \_:@___:-_—@:,’l,:
N P
i, B
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TM Modes:
E,(%)=0 VZ2E, =[k?-(2)’]E,

(02 +10, +50%)E, =[K? —(2)’1E,

(§02+80,+&° -n*)E, =0, £=kgr

Ez ()_() = E (k(B)r)emq) kr(]r?]) is the mth 0 of the nth Bessel function overr.

TE Modes:
arBz()_()O):O 6iBz :[k22 _(%)Z]Bz
B, (X) = B,J, (ki r)e™ Kie is the mih extremeum of J, overr.

Notation: TE  Mode
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Mode for particle acceleration: TMy,  E, (X) = E,J, (L) cos(k,z — at) '
E, (X) =—E,rk,J,'(F)sin(k,z - at)
E,(X)=0
B, (%) =0
B,(X)=-E,n45J, (F)sin(k,z - at)
1.4}
1.2}
1.
0.8
O.6¢
O.4r
0.2
o D:E D.I-‘-": D.IE EI.IB 1 kz
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Y

20 = R

o o O O

\ ||

A\

Q.

2

0.4 0.6 0.8 1

h
B (X) ocsin(k, z)sin(at), k, =1z
| >0

TM Modes: Standing waves with nodes

E, (X) o cos(k,z) cos(at), k, ==
1>0

For each mode TE,,or TM,
there is a discrete set of frequencies
that can be excited.

(E/B) C\/k(E/B)Z _7,
L

K

Z

Georg.Hoffstaetter@Cornell.edu

USPAS Advanced Accelerator Physics 12-23 June 2006




Resonant Cavities Examples

Rectangular cavity:

2 T 2 2
ofn® =l e + i)

Fundamental acceleration mode: 0)1(10) - C%\/E

L, =L, =22cm = fj =1.0GHz

Pill Box cavity:

(E/B) C\/k(E/B)Z

kr(,m)l’ is the mth 0 of the nth Bessel function.

k(E)r is the mth extremeum of J_

Fundamental acceleration mode: a)élo)z —r4

r=1lcm = f.7’ =1.0GHz
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r=23.1cm = fog“y =0.4967GHz
PZZZzZzy |
- i
motor | 276.0 m
I tuning .
L plunger % e g
TMOIO
cavity
SO Y ma M : _____ . R SR _qf}_
axis | /_L—" 7
L-coupling loop beam |
J -L axis
_—y \
. ceramic window electric field
The frequency is increased and tuned by
+—> W a tuning plunger.
w, ;\ . An inductive coupling loop excites the
TE,, waveguide = :71& & magnetic field at the equator of the cavity.
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Very low wall losses.

is possible.

® Therefore continuous operation

Energy recovery becomes

possible.

Normal conducting cavities

® Significant wall losses.

® Cannot operate continuously with
appreciable fields.

® Energy recovery was therefore not
possible.
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coupler in order to have the voltage of several cavities available.

coupling slots  RF coupling loop

a_ .
1.af ‘
1.2H ]

1] Vph _,.--';:j A—
A | LA @
0.4p / pﬂ"’ 1 fTTIT77TT77 777 ’9////

o ol %/ ] =TH> O g ="h 1} U1 U 2 e | i] i =""Ll O R
o 0.z 0.4 0.6 0.8 1k tuning
z plunger
Example: PETRA Cavity f_ =500MHz
R, =18.010°Q

125kW — 2.12MV
Without the walls: Long single cavity with too large wave velocity. Vo = @

Thick walls: shield the particles from regions with decelerating phase.
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The iris size is chosen to let the phase velosity equal the particle velocity.

T mode
RN ..

T
|

NNNRNNRN SRR SRR SRR SRR

(SIS IS

(VAT

C7777 7 ———-
O
(/A
WAL IS

(YA,

—

'
i
i
i
i
!
I

......... H----41--{- Long initial settling or filling time,

§ \ § § § § N R not good for pulsed operation.
[z k Ll

ANNEENERN N A N N SRR NN

s ———-
(VA

VA

[ SASS
===

- iy Small shunt impedance per length.
SE s« Gl - R
N N N N N
N N N N N
N N N N N
R,
271
—— mode . -
3 : |
AN SN \\\\\\\l NNNNNNN NANNNN \\\‘\\\\I NN SRR
U I - I N N
N N N N N N N N
Ny N NN NN N D
'—._-—‘[\_.__—' o — ™~ .
S RS iy N R b A X [ S i Common compromise.
N N N N N N N R
e N N NN
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The iris size is chosen to let the phase velocity equal the particle velocity.
A .

disc-loaded

TElo wave structure -

from coupling
klystron

A
!’
VY

N
(3
(7

) ’ , wave
— N>
_-’\
beam axis
in- k= 27
Loss free propergation: K =<2
Standing wave cavity.
klystron
l TE,
FIFITI AL LT E T F TR T T I b .
R W A Y
T™,, /

standing wave reflection

© undisturbed
structure \/jf’
v >C
disc-loaded
structure
nc | V. <C
A 7% :
c ,1’ /;’ L
< 'Q a |

K. T

mode wg

Traveling wave cavity (wave guide).

klystron
l TE:
rrrrrrrrrrirrrrrriviy
B Y I T W O
T™,, {| TE,,
travelling wave
absorber
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cathode ! power
supply

Time of flight bunching

00 [/\voltage in cavity 1

e s

3
o
=1

-]

al

- ] ] 1
.. . ?000000000?000000000?0 Q
cavities g : g—_ COIIS X BN EREE ; IS e : boa \
. g VIl VLYo U DO LA A B | b
PRI S S PR b L L T e T N O R
g || l‘ l‘ \‘ \Il \II |l || ‘ : lr ilr 'l 'l' ’f ': : # i 1‘ |‘
g g : |I I T | “\ ] : r3Edt b g : 1 : \ \
E SO A \"l\|||lf"" fA e~ § g : o
H e T \l \‘ . ‘\\ l‘\‘: : :: s i ‘: : i \I |.
1 ]
POWGI’ < 1 .5MW | : ' \‘ “ ‘\“\.1 \ : 1 :::” r’ _: ' : : ‘\ Vo
4 | 1 et i 1 1 \ \
. 1 \ \ 1 0! ] 1
output R \‘ X \‘:1‘\‘,;:,':';; g AR R
\ \ LI LLN) 1 ' | \ '
b 0o 0o 0 O tmmp 6 © © © & @ © O
Power < 40MW pulsed
A
beam 1(2)

absorber current in cavity 2

P=nU,,..., 7<65%

DC acceleration to several 10kV, 100kV pulsed
Energy modulation with a cavity

Time of flight density modulation

Excitation of a cavity with output coupler

Y

Only works for
non-relativistic electrons

Georg.Hoffstaetter@Cornell.edu USPAS Advanced Accelerator Physics 12-23 June 2006



