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Motivation

= Particle accelerators
- FLASH at DESY, Hamburg

RF Gun Diagnostics Accelerating Structures sFLASH  Undulators
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Laser Compressor Compressor Collimator Bypass Experiments
- 315 m -

http://www.desy.de

- Cavities

TESLA 1.3 GHz

LG
TESLA 3.9 GHz
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TESLA 3.9 GHz Cavity

downstream

HOM coupler Lpstream

HOM coupler

9-cell cavity

beam tube fundamental input coupler
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TESLA 3.9 GHz Cavity

cavity cell

downstream
HOM coupler
beam tube input coupler
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TESLA 3.9 GHz Cavity

cavity cell

downstream
HOM coupler

beam tube " input coupler
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TESLA 3.9 GHz Cavity (Model)

downstream

HOM coupler

9-cell cavity

fundamental input coupler

beam tube
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TESLA 3.9 GHz Cavity (Model)

downstream port 2

HOM coupler
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TESLA 3.9 GHz Cavity (Model)

CST mesher with
frequency range
from 3.0 to 9.0 GHz

N\

LPW 4 6 8 10 12 14 16 18 20
tetrahedra 136.443 187.435 304.833 480.376 767.271 1.177.883 1.704.528 2.432.978 3.337.736
complex DOF | 761.820 1.079.488 1.802.314 2.885.154 4.668.072 7.227.096 10.509.404 | 15.064.232 | 20.721.334

)
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TESLA 3.9 GHz Cavity (Model)

LPW =20

CST mesher with
frequency range
from 3.0 to 9.0 GHz
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TESLA 3.9 GHz Cavity (Model)

CST mesher with
frequency range
from 3.0 to 9.0 GHz

LPW =20
3.337.736 tetrahedra

)

CAS 2018 | TU Darmstadt | Institut fur Theorie Elektromagnetischer Felder (TEMF) | www.temf.de | Prof. Dr.-Ing. Herbert De Gersem | 11

|
P



http://www.temf.de/

Outline

» XFEL + Tesla 3.9 GHz cavities
» FE eigenmode solver + on-axis fields

» Kirchhoff integrals + symmetric meshes
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. . . 4 — W\ 2 — )
FE discretisation curl 1/py curlE = (=) er B |
~ Co re2
- local Ritz approach div(eE)|=0  + boundary conditions
\_ el Y,

&,
|
&,
=y

continuous eigenvalue problem

; ’F’) Galerkin Aij — ///Q 1/NF curlw’i . curle d<?2

|
£
sgl
—~

1=1
1 B = ///er ;- W; O
w vectorial function Cij = //Q Zp o w; - w; dS2
«; scalar coefficient
i global index [ Ad + 7 Y ca+ (Jj ﬁ)2362 =0 }
n  number of DOFs 0 0

discrete eigenvalue problem

CAS 2018 | TU Darmstadt | Institut fiir Theorie Elektromagnetischer Felder (TEMF) | www.temf.de | Prof. Dr.-Ing. Herbert De Gersem | 13 L%



http://www.temf.de/

Finite-Element Eigenmode Solver

Jacobi-Davidson method

- Important properties
« direct solution difficult because of dense matrix in correction equation.

* iterative solution not immediately applicable because vectors Ax
with AZ € R{(Vp) | } are not mapped back onto R{(V) | } again.

- preconditioning
« JD - preconditioner
PC ={I - M vgl(Mvg)Tvg~tviim—1
=M1 - M vl vy vl tvimt
retains the property AZ € R{(V3)  } for any preconditioner A/ 1.

‘ simplestcase: M 1=1 <« PC=1- va = P
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Finite-Element Eigenmode Solver

parallelisation on a compute cluster

200 nodes

¥

! 400 CPUs
1 2400 cores
- 90kW cooling power

Y :' kW power
//////; 80kW powe

% 3200 GB
///////////////// memory

. ~Ttweight
//7/{5/{%/////{/// ~1 Mvée?lr?vestment cost

40 GBIT connection
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quality factor versus frequency
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® Monopole modes
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® Sextupole modes
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Mode Atlas

collection of the first 194 modes (selected page)

1. MONOPOLE PASSBAND
MODE 9

magnitude of the electric field strength
(longitudinal cut)

magnitude of the magnetic flux density
(longitudinal cut)

magnitude of the electric field and the
magnetic flux density (transverse cut)

Figure 50: Absolute
mode 9 in a tr:

e 34: Charac

Tes 1.3000 GHz
Q 2.64c+006 .
o resonance frequency, quality factor
i an, Tl 5.20c+002 © .
S [ s and shunt impedances
' 1.37e+009 Q2
CAS 2018 | TU Darmstadt | Institut fir Theorie Elektromagnetischer Felder (TEMF) | www.temf.de | Prof. Dr.-Ing. Herbert De Gersem | 17 'VE \/



http://www.temf.de/

<57\ TECHNISCHE
UNIVERSITAT
DARMSTADT

TESLA 3.9 GHz Cavity (Results)

fundamental mode

absolute value of the electric field strength |E|

LPW =20
3.337.736 tetrahedra

logarithmic scale from 104 to 107 V/m
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TESLA 3.9 GHz Cavity (Results)

cavity cell

evaluate fields
parallel to z-axis
at x=bmm, y=5mm

downstream
HOM coupler

input coupler
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TESLA 3.9 GHz Cavity (Results)

* Field components parallel to the cavity axis (LPW 4,8,16)

- Transversal offset at x, = 5 mm, y, =5 mm off-axis
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TESLA 3.9 GHz Cavity (Results)

cavity cell

/ evaluate fields

at x=0mm, y=0mm

downstream
HOM coupler

input coupler
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TESLA 3.9 GHz Cavity (Results)

* Field components parallel to the cavity axis (LPW 4,8,16)

- Transversal offset at x, = 0 mm, y, = 0 mm on-axis (standard)
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TESLA 3.9 GHz Cavity (Results)

» Field component E, parallel to the cavity axis  on-axis (standard)

mrm

25x10’} Xo =0 mm p

Yo =0mm A A
2.0x107
- LPW: 48,16
=~ 1.5x107
<
Ll
\J)’ )
< 1.0x107
50x10%} ' 4 H A ﬁ ﬁ
'
Of == . . —
0.6 -0.4 -0.2 0.0 0.2

z/m
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TESLA 3.9 GHz Cavity (Results)

» Field component E, parallel to the cavity axis  on-axis (standard)
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Finite-Element Method

 Field representation in the finite-element method

- Edge shape funktion w,(7)

example:
equilateral tetrahedron

point X y z

0

1

2

3
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Finite-Element Method

 Field representation in the finite-element method

- Representation of the electric field strength
N—-1

Firy =) a W)
=0
- Projection of an arbitrary electric field strength? on the basis w;

Yo 7 min- frae

i=0

mat vec

» solve linear system to obtain the weighting coefficients a;
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Finite-Element Method

 Field representation in the finite-element method

- Residuals of vector fields

N-1
ﬁ(‘?) = a; v_[}l- (F) — f)(‘[_‘)) order DOFs per cell
; 0.5 6
- Fundamental field components :_5 ;i
1 0 2 30
]?(7) = (0) I_?)(?) = (0) 25 45
0 » 0 3 60
X 0 3.5 84
f(?) — <O> » ﬁ(f’) — (0) 4 105
0 0
N X2 S (x — Dx + (33 + 10v3y + 5v62) /180
f(f>=<o) ) = 0
0 0
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Finite-Element Method

 Field representation in the finite-element method

- Residuals of vector fields
N-1
R = ) aw(@ - f()

1=0

- Fundamental field components
2 (x — Dx + (33 + 10v3y + 5\/€z)/180>

f@® = (o> ) O =( 0

0 0
y?2 —7y/(6V3) + y? + (13 + 5V62)/180
f@ = (o) = 7 =< :
0
9 z* . 2/45 —2/3,/2/32 + z?
F) = <o> ) - 0
0 0
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» XFEL + Tesla 3.9 GHz cavities
» FE eigenmode solver + on-axis fields

= Kirchhoff integrals + symmetric meshes
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Post-Processing: Kirchhoff Integral

- Field values inside a closed

surface can be determined
once the surface field

components are available

- Kirchhoff integral

o 8—ik|f'—7‘*”| - ﬁ

A7 — 7| Co

—

E(F) = / (k(ﬁ’ xiceB') G — (@' x E)xVG— (i - E) VG) dA’

icoB(F) = / (k(ﬁ’ x  E)G— (7 xicoB) x VG — (/' -icoB) vc;) dA’
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* Field reconstruction using the Kirchhoff integral
- Surface selection

AR
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Post-Processing: Kirchhoff Integral

* Field reconstruction using the Kirchhoff integral
- Surface selection
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Post-Processing: Kirchhoff Integral

 Field reconstruction using the Kirchhoff integral
- Surface selection
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TESLA 3.9 GHz Cavity (Results)

* Field component E, parallel to the cavity axis  on-axis (Kirchhoff)

250000}
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Yo =0 mm
200000}
. LPW: 16
< 150000}
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w
§ 100 000}
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{1 ’ e 4 .
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z/m

CAS 2018 | TU Darmstadt | Institut fur Theorie Elektromagnetischer Felder (TEMF) | www.temf.de | Prof. Dr.-Ing. Herbert De Gersem | 34 'VE

v
.‘\m


http://www.temf.de/

] TECHNISCHE
7=\ UNIVERSITAT
. > DARMSTADT

TESLA 3.9 GHz Cavity (Results)

- Field component E, parallel to the cavity axis  on-axis (Kirchhoff)

70000ty — 0 mm

s0000f Yo =0 mm &
0 LPwW: 16 f f K
> 40000} ! , [ ] E
5 Pl o
§ 30000} deviation in the order of 104 max(Ez)

20000} LT [j ( *J

10000} Ti ‘ m " H | |

ll
of { czﬂ"tﬂﬂlﬂw“ * l ,WJ Ii]p |
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z/m
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» XFEL + Tesla 3.9 GHz cavities
» FE eigenmode solver + on-axis fields

» Kirchhoff integrals + symmetric meshes
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TESLA 3.9 GHz Cavity (Meshing)

» Generate symmetric mesh in the cavity region

- Use CST mesher for the “blue” region

- Use proper software to copy the
corresponding tetrahedral
mesh to the “orange”

region

- Make sure that

the interfaces Mathematica
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- Field component E, parallel to the cavity axis on-axis
(Kirchhoff+mesh)
70000¢ Xg = 0O mm B
- A
Yo = 0 mm 1
60000} ﬁ h
N{ : ;
_ 50000F LPW: 16 *;i ik
> 40000 H ik
=" g {1
L ) |
£ 30000} ! no deviation recognizable i
{ AR
20000} f
10000}
Of = , |
06 ~0.4 0.2 0.0 0.2

z/m
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* Field component cB, parallel to the cavity axis on-axis
(Kirchhoff+mesh)
20000¢ Xo = 0 mm ]
Yo =0mm
15000
- LPW: 16
>
& 10000 . [
]
Il 1l ¥ .
5000} . ! llh lh ]W , I
! QL A
0 TJ.I TIL]J;_L L L fJ ﬁihL

0.6 0.4 0.2 0.0 0.2
z/m
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Conclusions

in accelerator cavities, (transversal) field maps are challenging
noise because of unstructured tetrahedral meshes
a-posteriori improvement by Kirchhoff integrals

a-priori caution: use symmetric meshes
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