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Overview (~50 years of research in 1 hour)

® Lef's get acquainted: Showtime with beam.

® Tribute to Maxwell and linearity: From beam to fields to modes.
® Walking through the zoo: Modes in variations.

® Beat the beasts: Suppressing, canceling or ignoring.

® What | have not told you.

0 0 © 20 R : RO 0 A A ORMA D RO
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Showtime with beam.

® QuickTime Player Ablage Bearbeiten Darstellung Bereitstellen Fenster Hilfe B¢ 98 &t T (=T (Geladen) Mo. 20:23 Il
oO0M hwgPC [wird ausgefiihrt]
£ CST PARTICLE STUDIO - [University Version] - [wake_demo_02] =
E;Eile Edit View WCS Curves Objects Mesh Solve Results Macros Window Help -8 X
D2 |Q|ra Q@Q'QIIQII ISIE@ | S [Free M ;@@ -2 |2 i%|s S
CPVL|E-D NAF|E-E V- IR (EOT B =
x|

[

e-field (t. 8..18(8.1);x=8) [pb]"

31459.5 U/m at 8 / 0 7 -37.7935
17 101
(5]
l; wake_demo_02
0 x |\ Global / x| —
Ready Wakefield Raster=200,000 Meshcells=188,748 PEC mm GHz ns K

; Start ["T windows Task-Manager 5 C5T PARTICLE STUDL... 5 CST PARTICLE STUDL...

0 0 © 20 X Al RO U A A ORMA D RO S alte O
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""" R ff?’f‘ﬁ“in“ff ||1??‘ﬁ‘t11fm--.
E-Field A ) | B LAt
e-field (t=0..18(08.1);x=8) [pb]. . , . . 4 4 ' 4 . VVVV\/\A Ahagre o+ o
5 : L
31459.5 U/m at @8 / 8 / -37.7935; ¢ 1A1‘|=1|'/|\/\/ VVHHI\? e e
Y e
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Phenomenologically I:

v P& % 0 =

tvamAREs s

- « v o T ITEE
RN N e~ ..
c e NOBRROSO . - .
~ s A NBPBBRR -

=B P ABPRI S

H-Field || TR P s Heuw .o

h-field (t=0..18(0.1);x=0) [fb SOV IR [ o B R
-8

83.7544 A/m at 0 / -7.14286 / 402.506

20 / 101

1.9

H-field forms circles around the beam
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How to illustrate this? (some in-between theory)

Lorentz-transformation of em-fields from co-moving to laboratory frame (movement with v- e):

1
B=v/ic, y= 5
E =E,
E, =y(E-vxB), 8.
P - fields tangential to the movement's direction remain unaffected
- oy } - but transversal E and B mix up ...
B =y(B+ c_2V xXE), - ... and experience amplification by the factor y

Freitag, 27. Mai 2011
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How to illustrate this? (some in-between theory)

Lorentz-transformation of em-fields from co-moving to laboratory frame (movement with v- e):

B=v/c, y= 1 Now apply this to the pure space-charge field of a charge q,
1- 3 resting in the co-moving frame. Then:
E=E B=0
T a
E =y(E-vxB), ]7::—1 g ., ___4 1 v
B.= B, r*Ame, T Ame, (X 4y +20)7
_ _ . <)
B =y(B+—VvXE),
C
() ( A
gz g 1 N g 1p g
Ez__ 30 Bz:O’ EJ___ 3 Y | BJ_:y 3 | —X
dre,r dre, r dme, r’ ¢
L0 ) .0 )

Freitag, 27. Mai 2011
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How to illustrate this? (some in-between theory)
Lorentz-transformation of em-fields from co-moving to laboratory frame (movement with v- e):
B=vic, y= 1 Now apply this to the pure space-charge field of a charge q,
J1— B’ resting in the co-moving frame. Then:
( ) ()
y X
Bz:O; Bi_ 9 13ﬁ —x | Ez:_ 1 Z3; E =-vy 1 13 Y
dre, r’ c dme, r dme, r
0 0
\ J \ J
here y=2
l.e.pt @ 1 GeV

. . @ . » A RO () A A .D A . ..
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Phenomenologically II:

Relativistic bunch charge field propagate unperturbed in homogeneous beam pipe, ...

(: 2008)

JI3330000

RESTIIIITTITIIVELLOWD
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Phenomenologically III:
The original field shape is re-established some distance behind the obstacle:

SRR ™ g

M4BT 4 A L Vi ey B e
o i s fe 3 ' ¢ = e o oL U
ool ‘}_c v rA - [ T et -
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Phenomenologically III:

The original field shape is re-established some distance behind the obstacle:

AN j‘\'
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Phenomenologically III:
The original field shape is re-established some distance behind the obstacle:

: ' I r‘ I f f r’ ’J' | "Tl__-‘\ .
- .‘ 1 f # i "i‘lt.\-v N I”’
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Phenomenologically IV:

But there remains field at the obstacle,... (field scaling changed)

5 CST PARTICLE STUDIO - [University Version] - [wake _demo_02_Gamma2]

;Eile Edit Yiew WCS Curves Objects Mesh Solve Results Macros Window Help - x
D -B|E|QF& vFaa | Ea& S O|FfE Fee v B @G- |
i ‘ | - | it @ | iz
i[ [r,,e,s,s ESC to stop ,a,niat,o : : : e u/m
| {ciane cize chax: 200 BRI S — - .
; fatidzalaiattidid Cet ettt s 25213
PRIRRINIINRINI VY — .
R L L viip e e N W = .
PORRRINVINNINY i i
| PIVIRRNINNNONY Fo
; AR NRNNARRRS 80
1 ARAARNRNNRARRAS Sou3
IV Ce &
: EiEENANREERAEEY = < e i
[ MARAAAAGRRAdGM
MbAkANAAAAAARRD
AMARRARRAAA AN
" LA R B . . . . . .. O R G SIS N AR N T VI S S - g o, o W N P Y
” E-Field L NS N A ALV
0 e-field (j:»-n'.'.-1'._0(vn‘.‘,1).;x=u) [pb] LR, O ar ok A a0 AN BRI R AETPIAN YU N LA Dok
P \B \“ ’ SRS - PRSI S S SR S S 16 N B W~ e SR TR R e Y S /S S z
n-2D  26894.2 U/m at 8 / 0 / -1.0842¢-815 i) : R
sl A hd ok i L 0 0 O W I I AL 0 S
i: wake__demo_l]Z_Ga...|
LA ’:'\E!?!!i',l( ’:I Maximum number of time steps: 2532 —]

Ready Wakefield Raster=200.000 Meshcells=119,232 PEC mm GHz ns K

4 Start B Windows Task-Manager 5 CST PARTICLE STUDL., DE &) =% 1640

SOLI/EED @ Rlunks®

... continuously ringing after the bunch passage.

0 0 © 20 R : RO 0 A A ORMA D RO a a
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From beam to fields

Substract the unperturbed self-field of the bunch in a co-moving manner, i.e..

0 0 © 20 R p RO 0 A A ORMA D RO

Freitag, 27. Mai 2011
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From beam to fields

Substract the unperturbed self-field of the bunch in a co-moving manner, i.e.:

(in some time interval)

02!
1001

102

(Only a part of the cross section shown)

0 0 © 20 X . RO U A A OR
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From beam to fields

Substract the unperturbed self-field of the bunch in a co-moving manner, i.e.:

" af y
B IR VR TEARREEE
wl SR NIt
gEun B
120; S \\\\ X lz// S
— AEERINNE NN\
(at some certain time) W \\//
e e
60|
Lo
I A s ol

Wakefields are exited as compensation of the bunch self-field wherever the boundary surface

has a radial component, i.e. at every change of the cross section.

0 0 © 20 X Al RO U A A ORMA D RO S alte O
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From beam to fields

Field energy of wakes first is taken from the co-moving field ...

... but then is fed back from the kinetic energy of the moving charges
(thus re-establishing the radial self-field).

Freitag, 27. Mai 2011

16



Universitat (i«
Rostock “uit

0 0 © 20 R : RO 0 A A ORMA D RO

Freitag, 27. Mai 2011

17



4 ay
U n n T T HAHTT
t t {reame-~wF):
n I ve r I a bl =4 :
Wl o BRI e
s 4
| 3|
L
F{CHSt()Cj( » o
) &
ot S\
Pl
g"ﬂndc‘ b

Bkh'e R N MU N SREENEP RN R KN N Y VIR
PR A S A A AR RSN R R R R —

e.g. bunch length 2 = 100 mm, f=0.87
=> bunch passes obstacle in At =20/(B c)=4-10"s

=> Bunch/field contain Gaussian spectrum (centered @ 0 Hz) with
characteristic bandwidth 1/At = (B ¢)/(20) = 2.6 GHz

=> The shorter the bunch, the broader the spectrum!

0 0 © 20 R : RO 0 A A ORMA D RO
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Let's briefly talk about frequencies II: h

Compare to similar beams with same bunch shape, but different repetition rate:

e

.. In frequency domain:

f

=> The higher the repetition rate, the fewer lines in the spectrum!

© 20
Freitag, 27. Mai 2011
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Fields and modes

Analysis of Maxwell's equations shows™:

® ... that they are linear. Superposition of any two solutions again will be a solution.

® ... that imposing boundary conditions (i.e.: cavity/waveguide walls) lead to an infinite set of

individual solutions, so-called modes.

® ... that different modes (both cavity/waveguides) have distinct field patterns and resonance

frequencies (cavities) / cut-off-frequencies <=> propagating constants (waveguides).

® ... that one has to pay attention in case of charges present inside the boundaries: There
exist two sets of field patterns:

® i) the "classical" modes being divergence-free;
® i) the rotation-free solutions of the scalar Helmholtz-equations

*: You may e.g. refer to one of the most complete and rigorous explanation of the topic, which is:
T. Weiland, R. Wanzenberg: Wakefields and Impedances, published as DESY-M-Report 91-6

0 0 © 20 X . RO U A A ORMA D RO
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Does this apply? - A first impression:

Introducing a second iris (and reducing their inner diameter)
builds up a cavity-like structure:

L

Type E-Field

0 0 © 20 R : RO 0 A A ORMA D RO

Freitag, 27. Mai 2011
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A new concept:

We might ask, which integrated force experiences a charge ...

"*"-.‘s - -
RQUE
IO
>
= =p = =
- = = & -

h o
L S -

TR AR O I 1 S

DR 60 el e

~i\“r¥;«l$r’. R T R R e T T
SPEPENP I I i
[T L O D L R T PRSI ORI SNINC VSRR T| | | PRS-t N TR IO CORET] | | (PR | I T N L

following the bunch @ z in a certain distance s

S+ 2z

1
Wi (1.318) = —— [ d2E.(xyi2.1= =)

qbunch all z ﬁ C

Wiong. is the so called longitudinal wake-potential

0 0 © 20 R : RO 0 A A ORMA D RO
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Longitudinal wake potential for our cavity:

S+ Z

)

J dzE (x,y;z,t=
qbunch all z ﬁc

Wake potential

‘J/long.(x’y;s) —

0.6

D by

0,24

0-

Wi(s) / (v / pC)

-0.2

@i

-0.6 1

-0.8 t t t t t t t t t t
-1000 0 1000 2000 3000 4000 5000 6000 7000 8000 Q000 10000

smm

This shows: following charges in 10 m (extrapolate 20 m, 30 m ...) distance
experience acceleration/deceleration: Long range wake

0 0 © 20 R : RO 0 A A ORMA D RO

Freitag, 27. Mai 2011
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Next step: Perform a Fourier transform on Wiong. ... h

Wake impedance Z Am

|

Am

T

I
|

[
|
|
J

It
AR AT QI
Al L LV A L
e elenlios = lonioalicsiios | | SRR, SN . W S——
£ i ; § s %
G 4000 ------mmmmmmmmmmmssssseeaa e ettt SEEEEEEEEETEEEEEER T P R R REEY | EEREREES
N n po
3000 ----------- = e B S & et
2000 A : : ' .
1000 -
0 t t t t {
0 0.5 1 15 2 2D
Frequency f GHz
... which is commonly denoted as wake impedance.
0 0 © 20 2 AT ROSTQC A A ORMA D RO
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The frequencies of the impedance maxima ...

8000

Wake impedance Z Am

7000 f-------

6000 f-------

5000 +f-------

Z {Ohm

3000 +-------

2000 -

1000 -

---------------------------------

--------------------------------

................................

4000 +-------

_____________________________________________________________________________________________________________________________

| 720 MHz:

-----------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------

.....................................................................................................

Am

Freitag, 27. Mai 2011

15 2
Frequency f GHz

... can be identified by an eigenmode computation of the cavity:

25
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Z/0hm

Freitag, 27.

Eigenmodes, relevant for an on-axis-beam:
... can be identified by an eigenmode computation of the cavity:

2000

F000

S000

S000

4000

3000

2000

1000

Ao

i
|

O S =

1\ng? .
-','I\ Y

T R
o
G
1

BN
= N

R s R R R B | hor iR S S O v
L e e s e R S TR S TRy T g
TR 4= 4= 4= 4= 4= 4= & 4= e e e e 42
|- ¢« c - ecereese e e p
_ | i 4= 4 e e —
- & i f % 2 -
Z R R R R -~ .
BRSRODP s i nenninen g g - Type E-Field (peak)
MRS AT AR l'—m-_,_,.._..,...,..._.wpe E-Field (peak)
4. e sa s o e B | — | . - > >—>—>—p—p - Honitor Hode 15 - Monitor Hode 29
| Tupe Etisiui(neak) | = = =p—p—p=p=p-Plane at x 0 Elane abaus o
| SE— 11 - 2 . . . - - - - . Maximum-2D  1.61478e+007 U/m at o ;. Maximum-2D  1.19335e+667 U/m
: : : Maximum-2D  9.47345e+086 U/m at @ 4 ) fcauency 86017 i s
N —— ) Phase 0 degrees Phase 9 degrees
o e - - - Frequency 1.10145 T = R s i e
Type E-Field (peak) Phase 8 degrees [P s s ] :
i Honitor Hode 1 4y s e I R | T
Eranciatill o 5 L. . | 5
Haximum-2D  1.64325e+807 U/m at 8 / -30 : :
o [ Frequency 8.71935¢ L Vo _______ ESSENORE ¢, [Pt Type E-Field (peak) ____| e e B e e e e [ P
Phase 8 degrees : Honitor Hode 9 :
E Plane at x @ .
: Erl BESEASSE s Maximum-2D  1.27049e+807 U/m at 8 / — - - | - _1858_MHZ ____________________
Frequency 1.65371 :
Phase 0 degrees
1102 MHz s 1674 MHz S 2349 MHz
requency J GHz
0 0 © 20 R RO 0 A A ORMA D RO 3 alte O 6
Mai 2011

at @
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The other way round: which force experience a
charge in a certain mode?

Take a given mode with a longitudinal field profile E;(z) along the beam axis,
oscillating with frequency f (and some phase ).

Then a particle with charge q and velocity B¢ exchanges the energy AU with the field:

AU =q [ E,(z)cos 2m f—+@)dz
cavity ﬁC

Therefore:
® Strong interaction not necessarily happens, if E; takes high values.

® Either rather short areas of field interacts strongly (no oscillatory cos-weighting) ...

® ... or fields show (spatial) synchronism with cos-term (e.g. accelerating mode)

® Energy exchange is velocity-dependent!

0 0 © 20 X . RO U A A ORMA D RO
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Walking through the mode-zoo

® Circular cross sections: Be aware of azimuthal dependencies
® Chains of identical elements: understand passbands
® Chains of almost identical elements: traps for modes

® Areal-world example

0 0 © 20 R : RO 0 . A ORMA D N0,

Freitag, 27. Mai 2011
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What are Monopole-, Dipole-, Quadrupol-Modes?

Consider structures of axial circular symmetry. Then all fields belong to classes with certain
azimuthal dependencies:

Monopol, Cos(0-a)

Sextupol, Cos(3+ a) Dekapol, Cos(5* a)

0 0 © 20 R : RO 0 A A ORMA D RO a a O

Freitag, 27. Mai 2011
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All (but monopols) exist in two polarizations
... which have to be considered as individual modes with identical resonance frequencies

L L L v o
(L« xRKKR
d ‘} \If \”/ \{ \f i ’J (4 {_\ [:{ [l) >

RRx
BN I
N,

Y

\
<
Q)

y,
\
X R

Cﬂ'?ﬂﬂ >y
* p
R

47

S
&

A

Z.
{f

y 7
ot o

b & & N 3 > B
NS \
i f \
L\ S AL

.l '}l/ "// W

Sextupol, Cos(3* a + 11/6)

Dipol, Cos(1+ a + 11/2)
0 0 © 20 : AT RO 0 A A ORMA D RO a alte O

Freitag, 27. Mai 2011




Universitat (&
Rostock s/ Traditio et Innovatio

~

Deviations from round shape define actual orientation

.. which may be e.g. cavity deformations or attached couplers

TESLA-9-cell-cavity: coupler-coupler-transmission /

dB L L 1 L L 1 L L L 1

-10

=20

=30 |

L, i
‘_\\\\\\‘

A A4 4

. T
gy | 11N §
P YOS E s 244 N
R < ¥ L
b Y YU SN B
VD EBRBTAESAANANAP 4
s A :
’ > r - X e @t
" Y oy = Pl o
AR P J RMGNGEE
TP ANT=DAUM Y &
v T 1 BRA - vy 1110
i U VAR N

Dipol, Cos(1+ a + 11/2)

0 0 © 20 R : RO 0 A A ORMA D N0,

Freitag, 27. Mai 2011

2.572-10° 2.574-10° 2.576-10°

2.578-10° f/Hz

Af[f=210°
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Passband fields

Monopol-type
E- and H-field,
common to all
modes and
cells

Freitag, 27. Mai 2011

a 5-cell example

STITEIN

D i i T
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N /U\}'I}\}v\lii'“‘l i
Jo) _--"--’
% e 4 ®

‘r\’ \( r /r ?{ﬁ/ 7 %
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'-—*5-3 l,c-u--;_.__'.
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:‘\-\ W h { 4??;--‘

n J\)\hhh/

i

-
| 'l 1 W \
:_z__.__.
,-'4;‘;‘/\ 3 \u: 4 }
|

.. 45 /,/\/L/ r-; J\l\f 2

PSP 1\;\/ 7 //:m

‘ /'../'/ TN YOS G
i |' 1| il

&
0
"Aw\r-a/\/v/‘."'

TMyo- TT/5 (pseudo 0)

N

SHELES et \; - o \ \, \, N e te
! PI y B T
'; W \f \! \ ¢ e v "'-/

‘v n

h:_‘_f_\_}_:z'fhf___,..«-f

Y

TMq-3T1/5

TMg4o-TT (accelerating)
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Passband fields and frequencies

0 7w/5 2x/5 37/5 4r/5 T

TM010"|T/5 TEEE ] |
70040098 MHZ \ \ -_’ y B | R

708

706 }

B T o -
702.21446 MHz kL

LT
Tt
T T

702 | &

TMqy,g-3T1/5
704.52333 MHz

700 }

0 7w/5 2xw/5 3x/5 arx/5 bid

cell-to-cell phase advance ¢

TMy,o-4T1/5
706.34471 MHz

... which seems to obey some rule ?!

706.97466 MHz

0 0 © 20 R : RO 0 A A ORMA D RO
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Passband fields and frequencies
/ S el et , fmode/MHZ

0 7w/5 27/5 3x/5 4r/5

3

708

TM010"|T/5 JoEE
700.40098 MHz \ \ S T

706 |

TMyg-27T/5 L]
702.21446 MHz U \ G

704 |

- e
&3+t+‘§) y

702 | o

TMy,(-3TT/5
704.52333 MHz

700 |

0 /5 27/5 3x/5 47x/5 bid

cell-to-cell phase advance ¢

Moodmis — EEE
706.34471 MHz i

RS oaE o
TMo-TT
706.97466 MHz 5 \
\J

+ K
In fact: Jnode = Jo > Jx |:1— 2CC COS(¢):|

Kec . Cell-to-cell coupling

. . G . » A RO () A A .. A D ..

Freitag, 27. Mai 2011
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So, what are passbands?

Cavities build up as chains of identical cells show resonances in certain frequency intervalls, called
passbands, determined only by the shape of the elementary cell.

The distribution of resonances in the band depends on the number of cells in the chain:

0 7w/5 27/5 3x/5 d7x/5 yig
706 | 12-cell-chain
resonances
704
5-cell-chain
702 | resonances
700 |

0 7w/5 27/5 3x/5 d7r/5 yig
cell-to-cell phase advance

0 0 © 20 X . RO U A A ORMA D RO
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But there is an infinite number of passbands
(here computed as single cell with periodic boundaries, some phases missing)
0 7w/4 /2 3xw/4 v/ g
704 0 | 7w/4 | 7w/2 | Ixw/4 [I v/ g
1374 | | | I
1373 ‘
700 1700 0 /4 7w/ 2 3r/4 7T
698 1372 1530 §
1695
696‘ 1371 1520 |
694 fGus 1690
692 1510 | ®
1369 1685 O ¢
E o
g 15001 1680 o ¢
L » ©
L
1675
0
0 /4 7/ 2 37/4 7
cell-to-cell phase advance ¢
0 0 © RO 0 O D O
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Numerical trapped mode analysis

Search for strongly confined field distributions by simulating same structure with different waveguide
terminations at beam pipe ends. Compare spectra! Small frequency shifts indicate weak coupling.

N

_________
e i 4 L L Lot

W %Al F K S e .
LT T L B A R
2 G Y W wmeheb A A o5
W e

4 3mmqﬁgﬁjﬂ_.-

— el e e e ]
W, G Gl e & 2 ¥ 4 4 s e

5 N & A Rem R R
2 8 A e Wy, W T, T 5

i, o B

MHz

Y ¥

:-L}"x“-‘-uaa.‘.y‘a’fn

LA B B R TN T T T
S T T T R O R

LS I AN VAR S S N "SI S SIS S,

Al
b e
4--"""("";-;; saaah § 5

SR T S
LR T A B B S

ENC R B I I ST W VE

S ST W ST S VAV T SR SR A

TR, JORNY VYIEES "W OO C CHPC S T G e S
g :v;.
f"'ﬂ-ﬁ-:ﬂ I RPRG i

H_18:2037.1746 MHz E_17:2037.1373 MHz

Remark: TE4-cut off of beam pipe at 1953 MHz
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A real-world example

JLAB-5-cell 1.5 GHz resonator with waveguide couplers

(cavity shape and model courtesy F. Marhauser, Jefferson Lab.)

one waveguide also used as power coupler,
cross section reduction to adjust fundamental mode coupling

0 0 © 20 R : RO 0 A A ORMA D RO
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‘equency 5.867086 GHz
1 I

1e-606 C z

CST ParticleStudio©-simulation with 35mm-Gauss-Bunch (~ 0 ... 5 GHz, s =0 ... 1440 m):
a) on axis => Monopol; b) off-axis (z= -10 mm) => dipole

=> port-signalse(t), ...
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E-field (8 275 18)

Efield

[Vaue  [Desai

cut
extrudewg
fend

Ipw
rot_axis_ Y

278.942813462° | cuthom waveguidesto i

108.425

3
12
10

mm

*ﬁﬂwﬁf[

[EfeRzr5 10 ¥ Automic labeling
Cosydinete systen

B T

=
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Port-/probe signals with off-axis-beam after Fourier transform

Log,o[PortAmpl/VA)2
L0910[UN]8 |

fields inner cells

0

1.5 % 10°

05.20 © 20
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2.5 X 10‘9
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Port-/probe signals with off-axis-beam after Fourier transform

Log,o[PortAmpl/VA)2

L0910[UN]8

NG

port amplitudes

(waveguides black/ beam pipes blue)

~

1.5 % 10°

05.20 © 20
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3.0% 10°
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Port-/pr

obe signals with off-axis-beam after Fourier transform

Log,o[PortAmpl/VA)2

L0910[UN]8

Freitag, 27. Mai 2011

0L

accelerating mode @ 1.497 GHz, one Lower-Order-Mode (LOM)@ 1.470 GHz

15%10°  20x10°  25%x10°  30x10°  35x10°  fHz

44



£ ST 3

Universitat (.«
Rostock ‘,“ Traditio et Innovatio

Port-/probe signals with off-axis-beam after Fourier transform

Log,o[PortAmpl/VA)2
Log,o[UV ]8 . .
TM11-like (s.u.) modes with strong beam |
interaction; 2.109 GHz, 2.150 GHz , 2.176 GHz
6
4
2 —t= A
I §;}!l ""‘ R§ \‘\\ , ‘ \ ‘1“
| J \ \,"' i q;vﬁ\f‘\ﬁihb’ W
| vVWPvif?’\\,\"V Al i ‘U,.A..
0 Il
15%10°  20x10°  25x10°  30x10°  35x10°  flHz

Freitag, 27. Mai 2011 45



332 A8

7 1)
\ St

U n ive I'Sitét (||||| m

Rostock “iit

9,7 Traditio et Innovatio

Port-/probe signals with off-axis-beam after Fourier transform

Log,o[PortAmpl/VA)2
Log,o[UNV ]8

e
AN

0L

15%10°  20x10°  25%x10°  30x10°  35x10°  fHz
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Port-/probe signals with off-axis-beam after Fourier transform
Log,,[PortAmpl/VA]/2

L0910[UN]8

Freitag, 27. Mai 2011
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field appears only in the coupler section with the
fundamental power waveguide attached;
therefore also seen only in one beam pipe

1.5 % 10°
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So look for eigenmodes close to the ambiguous
freque ;

E-Field {peak)

Mode 1 +
-275.74

4.87187e+007 U/m at 7.10543e-014 /7 -275.74 7 -89.9492

nnnnnnn

fields localized due to inhomogeneity in the fundamental power waveguide,
fres = 1.653 GHz (expected @ 1.649 GHz)
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... which shows some longitudinal E-field at the beam
axis:
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Port-/probe signals with off-axis-beam after Fourier transform

Log,o[PortAmpl/VA)2
Log,o[UV ]8 . .
TM11-like (s.u.) modes with strong beam |
interaction; 2.109 GHz, 2.150 GHz , 2.176 GHz
6
4
2 —t= A
I §;}!l ""‘ R§ \‘\\ , ‘ \ ‘1“
| J \ \,"' i q;vﬁ\f‘\ﬁihb’ W
| vVWPvif?’\\,\"V Al i ‘U,.A..
0 Il
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E-Field (peak)

Hode 2

1.56094e+007 U/m at 5.11048e-014 / 35.2609 / -44.2607
2.14771

8 dearees

hybrid mode type: 1st, 3rd, 5th cell of TM11 character, 2nd and 4th cell TE11-like
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Three beam-relevant dipole modes II:fres = 2.102 GHz

Freitag, 27. Mai 2011

E-Field (peak)

Hode 1 ¥
1.04698e+08087 U/m at 3.93114e-0614 / 0 /7 8.85214 ‘
X

2.18225
8 degrees

hybrid mode type: inner cell of pure TE+1 character, end cells TM1s-like

v.10e0 -
8.51e6
7.85e6 -
7.28e6 -
6.54e6 -
5.89e6
5.23e6
4.58e6 -
3.93e6
3.27e6 -
2.62e6
1.96e6 -
"1.31e6 -
6.54e5 -
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Three beam-relevant dipole modes IIl:fres = 2.186 GHz

E-Field {(peak)
Mode 4
1.50272e+0087 U/m at 8 / 48 /7 -45 -+
2.180864

8 degrees

close to TM11-0-mode, but strong unflatness because of coupler sections

© 20 : AT ROSTO A A ORMA D RO 0
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Suppressing, canceling or ignoring
® Ignoring: May work, if your beam is stiff enough and your cooling power sufficient.

® Canceling: A complete field of research. Basic idea: de-cohere modes of individual

cavities, making (or leaving) them slightly different.

® Suppressing - take HOM energy out of the cavity, using
® internal absorbers
® waveguide coupler

® "coaxial" coupler

0 0 © 20 X . RO U A A ORMA D RO
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Q-value as a figure of merit

Starting from the common definition, putting resonance frequency f, stored field energy
in the cavity W and dissipated power (averaged by a period) P in correlation:

2mfW
Q==
I . dw
one easily finds from the preservation of energy P= —

27
2n /.

an exponential decay of W(t) following W (¢#) =W (¢t =0) e_ Q
... The lower the quality factor Q, the faster decays a field inside the cavity.

=> |f beam stability or cooling power is an issue, try to extract HOMs from the cavity

0 0 © 20 X . RO U A A ORMA D RO
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As a typical* example: SPL-5-cell cavity

"left" side HOM coupler port

rotated by 60° towards you "right" side HOM coupler port
(not drawn) opposed to power ¢., D= 36mm
- 0 — ==

=,
| %
/ o
/:/' | ]
7 =
//,// i
/S / .
N L/ /
"/—1 [
o as= X;
%
% ‘
=T
/\
At

Mot

D. = 140mm 1D

(3%

= 80mm

pipe

||
NN
1/ /
/

/ 1,—-"—_\

deas (drawing: Thierry Renaglia, CERN, 21.7.2010)

power coupler port
D=100mm

*typical: elliptical multicell, one fundamental power coupler, to HOM coupler ports at the
beam pipes; different azimuthal orientation of HOM couplers
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Consider such a coupler - keep it successfully simple?
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Q-value of lowest modes for 0 mm antenna depth:

Q (log.—scaled) vs frequency/Hz

Q l?'\mda'lmcn'tal apd lolwest' pass_ban(!s '
107+ - 2 110’

! !

= I}
108 lqn8
( o : 10
O
!
107 - o 110’
O
10° ° 110°
fundamental mode: Q = 1.04 108
10° 110°
e}
10*F 110?
10° - - 10°
7.0 x10% 8.0 x 108 9.0 x 10° 1.0x10° 1.1x10° fHz

Coaxial coupler touches fundamental mode similar like HOMs
=> extracts too much fundamental power
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So we need a filter:

05.20 © 20 RSITAT ROSTO
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. which works like this:
E-field geometry @ 704 MHz

Jl

ﬁ

/capacitive

coupling at
hook
determines
notch
resonance
frequency

"

L\ |
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strong capacmve coupling between "hook“ d outer conductor
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Pure hook not tuneable for 704 MHz =>
Enlarge hook end capacity

(o enlarge capacitive coupling

at hook with additional
surface element

"

05.20 © 20 R AT ROSTO A A ORMA D RO
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Waveguide(TM,)-Coax-Transmission blocked
@ fundamental mode frequency => Tuning ok

S-Parameter Magnitude in dB

-90
$3(1),2(3)

=180

-110 1

=120

=130

-140 -

-150

0.65 0.66 0.67 0.68 0.69 0.7 0.71 0.72 0.73 0.74 0.75
Frequency / GHz
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Remarks about fundamental mode notch filter:

1.) Tuning rather sensitive both against
capacity surface AND rotation angle
(~5 MHz/Degree < 30 dB/Degree)

2.) => notch filter understood as
combination of resonance AND
"directional coupler"-effect: certain E-H-
correlation causes cancelation

3.) This demands for external re-tuning
capability after mounting (e.g. rotation)

05.20 © 20 RSITAT ROSTO
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S-Parameter Magnitude in dB
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Current design for SPL HOM-coupler with increased
hook

Q-analysis based on scattering properties of individual coupler section, concatenated afterwards
with cavity and second coupler section.

0 0 © 20 R : RO 0 A A ORMA D RO
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minimal radius 53 mm
(=>a =70 mm)
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Current Design for SPL HOM-Coupler

Log(IS[)/dB

1.0x10° 1.5%10° 2.0x%x10° 2.5%10° 3.0><105

/\f\\

> h |
g ) | | ) __ Each point one
3 1 | J/ : ‘ simulated model
""""""" ) = ottt/ Hz St T NIN [
| | 70x 10} SRR | | 25
L] [H |
6.5x10° ﬁ I 1 24
6.0 x 10° \\\\\\\ \\\\ \ r
z (65mm - 76 mm,dz = 1mm) l 65 \\ H H F 23 h/mm
-------------- 70 / 22
z/mm
75 21
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Influence of fixture shape on the RF properties
Log(|s23|)/dB

1.0x10° 1.5%107 2.0 10° 2.5%10° 3.0 jloé

Bandwidth of notch filter depends on fixture

0 0 © 20 R : RO 0 A A ORMA D RO
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Tuning dependency on penetration depth

Log(|S[)/dB

-20

1.0

1.5%x10° 2.0 >

10° 25x%x10°

—40

—60,

-80

to coax

f/H
104

-100
Log(|S|)/dB
f/H
1.0x10° 1.5%10° 2.0x10° 2.5%10° 3.0 104 -
// ‘\\g'.ﬁ"

—40 / Ul "”

// “\.' \

~60 - 4 |

I

TMO1 to coax,

notch @ 7

04 Mhz

: 0

Freitag, 27. Mai 2011

Log(|S[)/dB

1.0 x

to coax

1.0 x

10° 2.0x10°

1-2 to coax

-120

1-1 roughly simi

ar

10 mm additional depth ~ very roughly +10dB coupling

© 20

f/H
104"

f/H
106 ‘
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What I have not told you:
® ALOT of formulas, e.g.:

® ... that there is also a transversal wake potential, which is directly correlated with the logitudinal
one ("Panofsky-Wenzel-Theorem").

® the Fundamental Theorem of Beam Loading (c.f. e.g. P. Wilson et.al.)

® ... that you may integrate wake potentials in an indirect manner under certain conditions (c.f. e.g.
Napoly, Zotter, Chin, Zagorodnov, Gjonaj, Weiland et.al.), exploiting certain mathematical
properties of wake potentials.

® ... that wakefields also are caused by surface impedance, surface roughness, dielectric coating,
ferrites etc.

® ... that there are dozens of programs for one or another aspect of HOM/wakefield computations.

® ... that HOMs may be used both for deflecting (c.f. Crab cavities) and diagnostics,

® ... etc. etc. - maybe enough for an Accelerator School

0 0 © 20 X . RO U A A ORMA D RO
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Hope you nevertheless found something
interesting.

Thank you for your attention

0 0 © 20 R : RO 0 A A ORMA D RO

Freitag, 27. Mai 2011

70



Universitat (&
Rostock ‘s

/" Traditio et Innovatio

Spare Slides

05.20 © 20
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Eigenmodes based on fixture
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SPL-5-cell cavity - split

"left" side HOM coupler port 704-MHz-SPL-beta-1-Cavity

rotated by 60° towards you
N

(not drawn) y

"right" side HOM coupler port
opposed to power c., D= 36mm

: - v |L
777 B
— 77 B
o ///, \
A /,«’/ | N0 AN
77 77
J k_othe |

D, =140mm
power coupler port
D=100mm
Try to separate different functional sections
== Save computational effort
=2 especially in design optimization tasks

Freitag, 27. Mai 2011
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Concatenation procedure based on scattering
properties: Coupled S-Parameter Computation = CSC

ULILLAAAN "
| I
llllllll

@ Split structure in sections

® Compute scattering (S-) parameters of all sections individually with appropriate solvers

® Compute overall S-parameters as function of f with special algorithm*, applicable to any
structure topology and mode number

® * e.g.: H-W. Glock, K. Rothemund, U. van Rienen: "CSC - A System for Coupled S-Parameter Calculations", TESLA-Report
2001-25 or K. Rothemund, H.-W. Glock, U. van Rienen: "Eigenmode Calculation of Complex RF-Structures using S-
Parameters", IEEE Transactions on Magnetics, Vol. 36, (2000): 1501-1503 and references therein
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Concatenation procedure based on scattering
properties: Coupled S-Parameter Computation = CSC

® Split structure in sections
® Compute scattering (S-) parameters of all sections individually with appropriate solvers

® Compute overall S-parameters as function of f with special algorithm*, applicable to any
structure topology and mode number

® Derive loaded Q-values from S-parameter spectra ]
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