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Overview

= Task

- Calculation of fields for the European XFEL cavities in 3D
considering coupling ports as well as non-ideal geometries

- Coupling ports:
* Modeling of ports
* Include ports in the eigenvalue formulation
* Implementation for large scale applications

- Non-ideal geometries
« Support flexible geometry description in 3D
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Motivation

UNIVERSITAT
DARMSTADT
 Particle accelerators
- Linear accelerator at DESY, Hamburg
Collimator Accelerating Structures Diagnostics RF gun
Undulators

Comgressor Laser
MeV 5 MeV

250 m >
/ http://www.desy.de

F 3

Cavity 3.9 GHz
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Computational Model

» Superconducting resonator
- Geometry

9-Cell Cavity Beam Tube

Upstream
Higher Order Mode

Input Coupler
P P Coupler

N Downstream Higher Order Mode Coupler
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Computational Model

* Modeling using CST Studio Suite
- 3d.tet:

NodeID, X, Y, 7%

EdgeID, NodeIDO, NodeID1l

FaceID, EdgeIDO, EdgelIDl, EdgelID2

ElemID, FaceIDO, FacelIDl, FacelD2, FacelID3

ElemID, NodeIDO, NodeIDl, NodeID2, NodelID3

Object3D GrouplID, #Elems <immediately followed by> ElemID List
Object2D GrouplD, #Faces <immediately followed by> FaceID List
ObjectlD GrouplD, #Edges <immediately followed by> EdgeID List
Object0D GroupID, #Nodes <immediately followed by> NodeID List

- bc3d.tet
Ob3j3D ID, MediaCode
Obj2D ID, BCCode PEC, PMC and port
Obj1b_ID, BCCode - boundary conditions

can be extracted
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Computational Model

* Modeling using CST Studio Suite

- 3d.tet: modify point locations but maintain the topology
EdgeID, NodeITD0O, NodelIDl

FaceID, EdgeIDO, EdgelIDl, EdgeID2

ElemID, FaceIDO, FacelIDl, FacelID2, FaceID3

ElemID, NodeIDO, NodeIDl, NodeID2, NodelID3

Object3D GrouplID, #Elems <immediately followed by> ElemID List
Object2D GrouplD, #Faces <immediately followed by> FaceID List
ObjectlD GrouplID, #Edges <immediately followed by> EdgeID List
Object0D GroupID, #Nodes <immediately followed by> NodeID List

CST —> 3d.tet 4{ Modify ]—> 3d.tet == -—>
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Computational Model

* Modeling using CST Studio Suite
- 3d.tet:

standard points

linear element

‘ only linear geometry transformation available
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Computational Model

* Modeling using CST Studio Suite
- 3d.tet:

additional points

curvilinear element

‘ Insert additional control points (at the surface)
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Computational Model

* Modeling using CST Studio Suite
- 3d.slim:

~ _’_—- — __! >
(o ~ -

control points

linear element curvilinear element

‘ available in CST but not yet used here... (ToDo)
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Motivation

/

Coaxial Input Coupler

Downstream Higher Order Mode Coupler
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Motivation

Coaxial Line

/

Coaxial Input Coupler

N
Downstream Higher Order Mode Coupler fo=1.300 GHz
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Motivation

~ =Input coupler and coupler to extract unwanted modes

Coaxial Line
Beam Tube

| E| in linear scale

/

Coaxial Input Coupler

Downstream Higher Order Mode Coupler fo=1.709 GHz
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Motivation

= Problem definition
- Accelerating field

9-Cell Cavity
including couplers

j>l Determine the accelerating
n-mode with high precision
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Computational Model

* Problem formulation . -
_ /curIH = 8D/8t\
- Fundamental equations curlE = —8B/dt
. 2 . ivD —
curl 1/py curlE — (i) erE |, =0 d'Vlz =0
co res? divB = 0
FeQ Maxwell‘s equations
- Boundary conditions D = ¢E
ﬁXEFeaQ =0 =
PEC Material relations
=0
Co 7€ Oport
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Motivation

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

200 |
- Main coupler kom | /fo—13GHz
150 |
60.0 mm [
1 Dispersion relation 100 |
12.5 mm [
Q_ )1 A C At A
0t
Y propagation
f > fc . €sz —
- HOM coupler o O
damping 300 |
16.0 mT F< for o0z :
3.4 mm 200
O v aMain — 1/13-6 mm 100 —
AHOM = 1/4.77 mm Ot
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» Problem formulation curl 1/pr curlE = (=) er E |
. . CO TEQ
- Local Ritz approach div(eE)‘ =0  + boundary conditions
~ ~ \_ 7 e Y,
E = E() continuous eigenvalue problem

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

w vectorial function Cli zf/ \/E nxXw;) (nxw,;)dA
i] 90 r/ir ( i) ( j)
«; scalar coefficient
i global index [ A&’—I—jiC@’—I—(ji)QB&’:O }
c C
n number of DOFs 0 0

discrete eigenvalue problem
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= Numerical formulation FEMO6: lowest order approximation

- Function definition (edge elements, Nedelec)

Space | Basis functions Assoc. § %
LV | ¢ {i} s
c_‘g Vo | i {ij} § é S
> Vs i P (Pi — bj), {ij} T3 §

! bihj by {ijk} -E)TEU S
t A T 6:ve; — 9, V6, {ij} S3E
Az | 36,01V 0i — V(didion). {ijk} 58:
36x6:V6; — V(i) {ijk) 208
§ Az | 4¢;0k(¢5 — dk)Vdi — V(9idjdr (5 — di)), {ijk} @E %E
3 10i(0r — $1)Vo; — V(djondildn — ¢a)). | {ik} eLces
- A9idj (¢ — 65)Vr — V(ridi(pi — 9;). | {ijk} 52857
49OV — V(pid; drdy), {ijkl} S0 r2g
191016V — V(i brd). {ijht) S5tz
! 41616, Vi — V(id; drdr) {ijkl} R
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= Numerical formulation FEM12: higher order approximation
- Function definition
Space | Basis functions Assoc. = %
. 1 12’1 B {i} é %
c_cg Va PiPj (i} g é g
> V3 i P (Pi — bj), {ij} T 33
' Pid; i {ijk} gc—% S
Tl Al | 6V —9; Ve, {ij} S E f
Az | 3005V o — V(didjop), {ijk} § g %
| 36k0iV; — V(did;on) {ijk} N
S Az | 4¢;0k(¢; — ¢k)V i — V(9idjdk (@ — ¢k)), {ijk} g %E
O 40 Pi(Pr — i)V P; — V(djPprdi(Pr — i), {ijk} eIsg3
> 16idj(bi — 6;)V ok — V(dreiti (@i — ¢5)). | {ijk} £ 2 853
40KV di — V(Pid; brdr), {igkl} Eg T2¢
1019V — V(i drd). {ijkl} -8 2F®
' 41919, Vo, — V(did;drd1) {ijki} T<oi?
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= Numerical formulation FEM20: higher order approximation
- Function definition
Space | Basis functions Assoc. = %
_ A ?1 qi’i {-3,} S -%
o 2| 9 {ij} s g
@ - QLGS
O Vs | $idj(di — &5), {17} Iof
' it P {ijk} .gc—s S
1 -Aml HiV; — iV {5} S E f
Az | 3005V ; — V(did;dp). {ijk} é g:
| 3016V — V(didjdn) {ijk} ST
§ Az | 4¢P — Or)Vdi — V(9iPj 0k (05 — ¢i))s {ijk} @% %E
o Ak Pi(or — i)V d; — V(9 rdi(Pr — ¢4)), {ijk} EZS 23
- 16i¢j(¢i — 6;)Vor — V(okdidj (@i — ¢;)). | {ijk} £ 28572
40001V Pi — V(Pid;drd1), {ijkl} 22 T 29
19k Vh; — V(i k), {igkt} -2 9c®
! 4¢10:9;Vr — V($id;drdr) {ijkt} & < i
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Computational Model

Edge basis elements

= Numerical formulation _
- |mp|ementa‘“on { Element matrix calculation )

fktA2[i Inkeger, 7 Tnteger] :=
Integrate[ {curlW[i].curlW[7]) »jacobi,
— —
a’ij — ]_/ur Cur|wi . Curle' dQ ful, 0, 1}, fu?, 0, 1-ul}, {u3, 0, 1-ul-u2}];
Q math? = irray[fktA?, {nEdges, nEdges}]:
TableForm[Flatten[matih?]]

[[/ gr u_j?, . fu_jj dQ »v = Matrix B
Q {» Element matrix calculation «)

fktB2[i Inkeger, 7 Tnteger] :=
Integrate[ (W[i].W[7]1) »Jacobi, {ul, 0, 1},
fu?, 0, 1 -wul}, fui, 0, 1 -ul -u?}];
matB? = irray[fktB?, {nEdges, nEdges}]:
TableForm[Flatten[matE2?]]

contribution of

‘ element-matrices

ready availabe

Mathematica

<l

L
® 5
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Computational Model

» Eigenvalue formulation

- Fundamental equation Notation:
W " A - stiffness matrix
Ad4+5j—Ca+ (4 —)QB&’Z 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 &;
NTAG+ ;Y NToa+ (G 2)2NTB&a =0

—— CO ~—— C0O
0 0

‘ static w=0 or dynamic NIBa@=S8a=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 & are no longer B-orthogonal: d1 Jp do
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Computational Model

» Fundamental properties
- Orthogonality relation
AG@ 4+ ACE+ \°Ba =0
‘ (M1 — X) - [83 Cd1 + (M + A2)@5 Ba1] =0

- Scalar product
1) <aZ+ ., g>=a <, g>+d <&, 5>
2) <y, F>= <Z, 7>
3) Z#0 — <ZZ>>0

‘ <z, y>=0 — T 17y currently not available
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» Eigenvalue formulation

- Fundamental equation
w

AG4+ACG4+N°Ba=0 r=;2
Co

‘ A, B, C: real symmetric
conjugate complex eigenvalues

- Companion notation

(6 7)) =2 (7 ) (s

(3" 5) ) =2(5 8

Notation:

A - stiffness matrix
B - mass matrix

C - damping matrix

real asymmetric
matrices

real symmetric
matrices
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Computational Model

» Eigenvalue solution

- Fundamental equation Notation:
| w A - stiffness matrix
AG+ACE+AN°BA=0 N=j— B - mass matrix
€0 C - damping matrix

- Subspace projection method
O_é' — V&’\/
viavay + Avicvay + N2VvIBvay =0

- Companion notation for the projected system

—vTAV 0 [ av .\ vicv vIBV\( av
0 viBy J\ xav ) “\vIBVY 0 \av
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Numerical Examples

= Problem definition
- Geometry

TESLA 39 harmonic
9-cell cavity
including couplers
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Numerical Examples

C el ParMeTiS, VTK and
= Problem definition CST - Studio Suite®

- Geometry

9-Cell Cavity
including couplers

Distribution
on 64 nodes

- Task

Search for the - mode field distribution
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= Efficient solution of large problems
- Domain composition

cavity model

domain #2

> domain #1

parallel computing
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Numerical Examples

 Fields along the axis of an accelerator cavity

9-Cell Cavity
including couplers

Longitudinal
electric field strength
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» Simulation results 607 576 cells

0.015,
N - reduced linear hierarchical set of ]
M 0.010 JILIN . ~ basis functions |
] I N\ ]
5] i
. 0.005 R f :

3 ,

& i

g 0.000;

o L

Q. I

z i

S . 0.005 o N f

O i

‘0 - 0.010 reduced quadratc N 7

o | ]

P : full linear -
. 0.015 . ..

. 0.5 . 0.4 .0.3 -0.2 -0.1 0.0 0.1

Longitudinal coordinate, z/m
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» Simulation results 2 064 944 cells
0.015
N - reduced linear hierarchical set of |
M 0.010 N ~_ Dbasisfunctions
Ej I N ]
5] i
. 0.005 a1 ¥rrlria
2 ,
& ,
g 0.000;
o L
Q, ,
z ,
S . 0.005 O T
S ? .
. 0.010 N U0 T I
v , - . \ ,
o E reduced qquratlc full linear |
. 0.0150 . .

. 0.5 .0.4 -0.3 .0.2 -0.1 0.0 0.1

Longitudinal coordinate, z/m
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Numerical Examples

» Transversal grid information
- Cut plane plots
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Numerical Examples

» Symmetric mesh generation

TESLA 9 cell cavity

Beam tube

AN
Higher order mode coupler (HOM)

) [dea:

1) Meshing performed only
on ¥, of the model

2) Copy mesh to assemble
the full information Coaxial coupler
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Numerical Examples

UNIVERSITAT
DARMSTADT
» Transversal grid information
- Cut plane plots
I AT g
Equator N e
ey R b Y e
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SRR RO
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N\ N S e
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yavati YA
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S AI P e
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Numerical Examples
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= Simulation results

- Transverse mesh properties
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Numerical Examples

= Simulation results reduced quadratic set of basis functions
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Numerical Examples

= Simulation results

| Symmetric mesh:
1 1904 470 cells
- 11 780 962 DOFs

200

co-B/ V/m

\CO Bz
200t (no contribution)
w Symmetric mesh:
3282 467 cells J
~100 | 20 370 322 DOFs
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Numerical Examples

= Simulation results Fo n?

AN Contributions to the force for
A [ Bz — jeoBy - E, a particle moving with speed
V / E, + jCOBm e 0 dz - -
y of light along the axis
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Computational Model UNIVERSITAT
» Eigenvalue distribution
0 4000 £ /MHz
~ PP I . PP o : - & —a—a >
3800 A S 4000 4200 4400 £ /MHz
target frequency
search direction
desired mode |E|
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Motivation

» Superconducting Resonator

9-Cell Cavity Beam Tube

Upstream
Higher Order Mode

Input Coupler
P P Coupler

N Downstream Higher Order Mode Coupler
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Numerical Examples | E| in linear scale ) onvesimar
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Numerical Examples | E| in linear scale A e
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