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Outline

» Motivation
 Computational model
- Problem formulation in 3-D
- Problem formulation in 2-D (boundary condition)
* Numerical examples
- 1.3 GHz structure, single cavity
- 3.9 GHz structure, string of four cavities (preliminary,without bellows)

 Summary / Outlook
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Motivation

= Particle accelerators
- FLASH at DESY, Hamburg

RF Gun Diagnostics Accelerating Structures  Collimator  Undulators

Laser Compressor Compressor

http://www.desy.de»

al
-

TESLA 1.3 GHz

LG
TESLA 3.9 GHz
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Motivation

= Linac: Cavities

- Photograph

upstream downstream

CST Studio Suite 2012
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Motivation

» Superconducting resonator

9-cell cavity

Input
coupler

Downstream
higher order mode coupler

Upstream
higher order mode coupler
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» Superconducting resonator

9-cell cavity

Input
coupler
Variation:
Coupler orientation
Upstream Downstream

higher order mode coupler

higher order mode coupler
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Outline

 Computational model

- Problem formulation in 3-D
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Computational Model

= Problem formulation

- Time domain
« Efficient algorithms available (explicit method, coupled S-parameter) \/
- Field excitation to discriminate unknown mode polarizations X

- Frequency domain (driven problem)
« Efficient algorithms available (coupled S-parameter) \/
» Field excitation to discriminate unknown mode polarizations X

- Frequency domain (eigenmode formulation)
- Expensive algorithms X
* Field distributions available including mode polarization \/
 Localized mode patterns with weak coupling naturally included \/
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Computational Model 0D Unwersiar
. 4 — w2 — N
» Problem formulation curl 1/pr curlE = (—)" er E'| |
. . CO TEQ
- Local Ritz approach div(sE)| =0  +boundary conditions
\_ =2y Y,

E = E() continuous eigenvalue problem

n
= D oy W) Galerkin Az = ///Q 1/pr curld; - curlw; d2
1=1

w vectorial function Cij = // Zo o w; - w; d§2
Y
«; scalar coefficient
: . W w
¢ global index Ad+j—Ca+ (4 —)2362 =0
€0 €0

nn  number of DOFs

discrete eigenvalue problem
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Computational Model

» Eigenvalue formulation

- Fundamental equation Notation:
W " A - stiffness matrix
Ad4+5j—Ca+ (4 —)23522 0 B - mass matrix
€0 €0 C - damping matrix

- Matrix properties
ABCeRY" A=AT B=BTc=cT A>0,B>0,C>0

- Fundamental properties
AN =CN =0 for proper chosen scalar and vector basis functions
N'Az= (AN @ =ANTCc a- °N'Ba=-)°NTBa

—— N——
0 0

‘ static A = 0O or dynamic N'BZ#=SZ=0
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» Fundamental properties

- Number of eigenvalues
w

Q\) = A+ )NC+ \2B )\;j%
Matrix B nonsingular:

» matrix polynomial Q(\) is regular
« 2n finite eigenvalues

- Orthogonality relation
AG + \Ca+ A?Bd =0

Notation:

A - stiffness matrix
B - mass matrix

C - damping matrix

A>0,B>0,C>0

) O ) [65Ca + (0 +A)al Bay] =0

If C o¢ B the vectors @1 and d» are no longer B-orthogonal: &1 £ do
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Computational Model

= Geometrical model

9-cell cavity Upstream

HOM
coupler

K

¥

Viv

s L A
Downstream TOERNRR Wlhigr yav
AT ] aY) o 2 ggﬁﬁr
HOM I
s
coupler

High precision
cavity simulations
for closed structures
N\ Input coupler

_.
m
=

N

December 19, 2012 | TU Darmstadt | Fachbereich 18 | Institut Theorie Elektromagnetischer Felder | Wolfgang Ackermann | 13

n<

o




&5 TECHNISCHE
7/=\ UNIVERSITAT
DARMSTADT

Outline

 Computational model

- Problem formulation in 2-D (boundary condition)
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Computational Model

* Port boundary condition
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Computational Model

» Port boundary condition
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= Problem formulation

Port face

- Local Ritz approach

l

E = E(7)
= ) a; W;(7)

1=1

w Vvectorial function

«; scalar coefficient _ _
Mixed 2-D vector and scalar basis

¢ global index ~
{ 2D tangential

(/

. W
wW; = —
n. number of DOFs v i ®; normal
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. 4 — w2 — A
» Problem formulation curl 1/pr curlE = (=) er E |
- Local Ritz approach div(sE)| =0  +boundary conditions

. . \_ e J

E = E(r) continuous eigenvalue problem, loss-free

n

— Z a; Wi(T)  Galerkin Ay = .[/A 1/py curld; - curlw; dQ2
=1

w Vvectorial function Bi(z,y, 2) = B(z, y) o k22

«; scalar coefficient

i global index Ad (E)QB”

nn  number of DOFs

discrete eigenvalue problem
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Computational Model

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

200 |
- Main coupler kem | /fo-l?’GHZ
150 |
60.0 mm [
1 Dispersion relation 100 |
12.5mm [
Q_ )1 S CE
0t
- HOM coupler propagation kom | |07
16.0 mm f>fe:  e*? 300 |
venm]  damping
O 'y f < fC . e A% 100 _
0:
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Computational Model

* Problem formulation
- Determine propagation constant for a fixed frequency

. S eigenvector
A1x 0 (ge) _ ;2 (Bi1 Bi2) (% J and
O 0)\u: “ \Bo1 Boo ) \¥2 .

eigenvalue
algebraic eigenvalue problem
2= 2 curly @20 - curl, 320 d - wBorthoso [, er 3PP P d
Aport p,f,r- Aport
_// ~2D_~2DdQ
Aport ﬂf’l‘ td
12%,—ff —grac:ig,u,12D 7P dQ
Aport ,U"f‘ '
21 i = // w” - grady sz ds2
leOrt
B3, = f/ L grad, 2P - grad, w2 do - portuogof/ 2P w20 dO
Aport Hr Aport
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Computational Model

* Problem formulation
- Determine propagation constant for a fixed frequency

" . eigenvector
A1x 0 (ge) _ ;2 (Bi1 Bi2) (% J and
0 0)\y: “ \B21 Boo) \¥:

eigenvalue

algebraic eigenvalue problem

ATy
AR

A AN RIS S
= ggkg | pE:

B
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cige
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Vé,
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 Memory requirement for waveguide formulations
- Ports with 2-D eigenmodes

Zj|p01"t X // M (TL X curl E(?})) —'SD dA

port \

Port mode series expansion
Projection of the port fields on the set of 3-D basis
functions results in a dense matrix block 3¢

- Impedance boundary condition
Aijlport o // — (7 x &P)- (7t x 32P) dA

port

‘ Same population pattern as PMC (natural boundary condition) \/
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 Memory requirement for waveguide formulations

- Example 1: 1.119.219 tetrahedrons

S NNZpors _ 4817504 6 o
NNZvorme  295.093.656 °

- Example 2: 1.218.296 tetrahedrons TESLALS Gz

> NNZpores _ 87.845.785 ~ 27.3 % Refined port mesh area
NNZyolume 321.530.896 ’

- General rule: NNZ = number of non-zero elements
NNZport 1 b = mean bandwidth of sparse system matrix
NNZvolume D h = mean grid step size
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 Waveguide ports implementation options

- Standard approach:
Incorporate dense matrix blocks into sparse system matrix

%j|p0rt X f/ IJJ (n X CUTIE(z)) —’3D dA

port \

Port mode series expansion

- Memory-efficient approach:
Utilize that system matrix is dense but of low rank
zg|port X Z Z _’_*T
ports modes \

Dyadic product of modified port mode vectors
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* Numerical examples
- 1.3 GHz structure, single cavity
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Numerical Examples

= Problem definition
- Geometry

TESLA 9-cell cavity

Port
boundary
conditions

AN

PEC
boundary condition

- Task " Port boundary conditions

Search for the field distribution, resonance frequency and quality factor
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Numerical Examples

» Computational model

9-cell cavity
Input
coupler

Beam

cube Distribute

computational load
on multiple processes

Upstream HOM coupler
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Numerical Examples

= Simulation results

| res = 1.300 GH
- Accelerating mode (monopole #9) / ’

Qoxt = 2.8 10°
£

fres = 2.476 GHz

- Higher-order mode (dipole #37) Ous = 1.8 103
ext — L.
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Numerical Examples

= Simulation results

Accelerating mode Higher-order mode
(monopole #9) (dipole #37)

Beam tube Beam tube

Coaxial line

N

Coaxial
input coupler

Coaxial
input coupler

/ fres = 1.300 GHz / fres — 2.476 GHz
HOM coupler Qext = 2.8 10° HOM coupler Qext = 1.8 10°
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Numerical Examples

» Controlling the Jacobi-Davidson eigenvalue solver

- Evaluation in the complex frequency plane

- Select best suited eigenvalues In circular region around
user-specified complex target

0.04
[ Real and imaginary part of the complex frequency
t Monopole
0.03}
: 0 Re(w)
-g 0-02:'Quadrupole 2 Im(g)
< [
- [ SeXtUDQIE e o e e e e e mmm e e e e mmmmmmmmmmmmmmmmmmmmmm e oo 100 ]
0.01} i
' < =3\ - / 1 s O S 200 -
. ﬁj&ﬁ 2/ X_ £\ \/1\: P> VA WYL - oW oo oo ooooooce o
0.00EX R TR T T Y TR aatiaadila(in i AR I PRSP B o K- len e =2 2 5 2050 100
2.46 2.48 2.50 2.52 2.54 2.56 2.58
. f
eal
GHz
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» Quality factor versus frequency

12 | T T

& Monopole modes

@ Dipole modes |

@ Quadrupole modes

@  Sextupole modes
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Calculations kindly performed by Cong Liu
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Numerical Examples

= Field distribution of selected mode
- First/second dipole passband (mode 17)

Resonance frequency fres 1.8887 GHz
Quality factor Q) 6.6E4-05
Transverse shunt impedance | R/Q | 5.10E-02 € /m?
Impedance R 3.4E+404 2
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Outline

* Numerical examples

- 3.9 GHz structure, string of four cavities (preliminary, without bellows)
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Numerical Examples (preliminary)

= 3.9 GHz structure (3" harmonic cavity)

- String of four cavities Bellows omitted for the time being
. Vaaanaannn® Jv.._,u ¥e

‘ 4 main coupler, 8 HOM coupler and 2 beam pipes = 14 ports

- Fleld distribution for selected modes =~ 1040.212tetrahedrons
6.349.532 complex DOF | |

G0Nt =oottttiets | eptessentti=

fres = 1.900 GHz Qext = 1.0 106

fres = 5.351 GHz Qext = 2.8 103

December 19, 2012 | TU Darmstadt | Fachbereich 18 | Institut Theorie Elektromagnetischer Felder | Wolfgang Ackermann | 34




e ,,,; TECHNISCHE
'_\ 7 UNIVERSITAT
o ~ DARMSTADT

Summary / Outlook

Summary:

Request for precise modeling of electromagnetic fields within
resonant structures including small geometric details

- Geometric modeling with curved tetrahedral elements
- Port boundary conditions with curved triangles

- Memory-efficient implementation to evaluate the port fields
now available

» Outlook:
- Application to 1.3 GHz and 3.9 GHz structure and strings

December 19, 2012 | TU Darmstadt | Fachbereich 18 | Institut Theorie Elektromagnetischer Felder | Wolfgang Ackermann | 35







