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Outline

= Motivation
 Computational model
- Problem formulation

- Planar ports of arbitrary shape

(here: coax lines and cylindrical beam tubes)
* Numerical examples

- 1.3 GHz structure (single cavity)
Summary of all modes up to the 5™ dipole passband

 Summary / Outlook
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Motivation

= Linac: Cavities

- Photograph

upstream downstream

CST Studio Suite 2013
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Motivation

» Superconducting resonator

9-cell cavity

Input
coupler

=

Downstream

Upstream
higher order mode coupler

higher order mode coupler
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 Computational model
- Problem formulation

- Planar ports of arbitrary shape

(here: coax lines and cylindrical beam tubes)
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Computational Model

= Geometrical model

9-cell cavity Upstream
HOM

coupler

Downstream
HOM
coupler

High precision cavity
simulations using FEM
on tetrahedral mesh

N\ Input coupler

=
m
=
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Computational Model
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Port face, fundamental coupler
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Computational Model

» Port boundary condition
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Port face, HOM coupler
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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°
E|

fres = 2.476 GHz

- Higher-order mode (dipole #37) Quri = 1.8 10°
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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 = 2.810°  HOM coupler Qext = 1.8 10°
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* Numerical examples

- 1.3 GHz structure (single cavity)

Summary of all modes up to the 5™ dipole passband
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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
Monopole
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Numerical Examples

» Quality factor versus frequency

12 | T T
® Monopole modes
@ Dipole modes
® Quadrupole modes
@ Sextupole modes
|| 1st cut-frequency of beampipe _
10 . i
2nd cut-frequency of beampipe .
8 —

6“:‘ g .i. R
%, é w d

4l 98@ . o

log10(Quality Factor)

Calculations kindly performed by Cong Liu

12 14 16 18 20 22 24 26 28 30 32
Frequency / GHz
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Numerical Examples

= Accuracy considerations (15 monopole passband)

Resonance frequency in GHz Relative error in ppm
Grid Index Grid Index
1 2 3 1 2
1 1.276304 1.276330 1.276354 1 -39.6 -18.8
2 1.27838 1.278410 1.278431 2 -36.3 -l6.4
> 3 1.281591 1.281612 1.281628 > 3 -29.1 -12.4
E 4 1.285547 1.285565 1.285575 E 4 -21.5 -7.5
25 1.28978 1.289802 1.289806 85 -16.1 -2.7
‘23 B 1.293803 1.253814 1.2593812 § B -6.9 1.5
7 1.297088 1.287107 1.287049% T -1.1 2.9
8 1.299261 1.299267 1.299256 8 4.0 8.4
= 1.300011 1.300014 1.29959497 = 10.1 13.2
Grid index: f . f
1) 315.885 tetrahedrons, 1.932.746 complex DOF err, = v 3 * 106
2) 1.008.189 tetrahedrons, 6.238.328 complex DOF f3

3) 3.081.614 tetrahedrons, 19.177.820 complex DOF
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Numerical Examples

= Accuracy considerations (15 monopole passband)

Quiality factor in 10° Relative error in %
Grid Index Grid Index
1 2 3 1 2
1 46.323 45.444 45.151 1 2.6 0.7
2 11.852 11.714 11.628 P 2.8 0.7
S 3 5.581 5.475 5.433 o 3 2.7 0.8
24 3.377 3.307 3.281 2 4 2.9 0.8
L5 2.372 2.324 2.305 L3 2.5 0.8
‘236 1.8489 1.814 1.798 § 6 2.2 0.8
7 1.568 1.537 1.522 7 3.0 0.8
8 1.410 1.390 1.373 8 2.7 1.2
2 2.791 2.6789 2.6495 9 .0 1.3
Grid index:
1) 315.885 tetrahedrons, 1.932.746 complex DOF err, = v — 43 " 102
2) 1.008.189 tetrahedrons, 6.238.328 complex DOF q3

3) 3.081.614 tetrahedrons, 19.177.820 complex DOF
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Numerical Examples

= Accuracy considerations (15 monopole passband)

Shunt impedance in MQ Relative error in %
Grid Index Grid Index
1 P 3 1 P
1 0.006 0.010 0.00% 1 -33.7 1.6
P 2.078 2.020 2.006 P 3.7 0.7
> 3 0.011 0.00% 0.008% > 3 20.4 4.4
24 2.069 2.003 1.981 2 4 4,5 1.3
L3 0.03%9 0.034 0.031 L35 26.5 11.95
§ 6 1.98% 1.947 1.8928 § 6 3.1 0.8
7 0.06%9 0.060 0.045 7 o3.4 35.5
8 1.974 1.914 1.801 8 3.9 0.8
9 1450.0 1383.0 1373.0 9 S.0 1.5
Grid index: ro_
1) 315.885 tetrahedrons, 1.932.746 complex DOF err, = v '8 * 102
2) 1.008.189 tetrahedrons, 6.238.328 complex DOF T3

3) 3.081.614 tetrahedrons, 19.177.820 complex DOF
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Numerical Examples

» 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 (longitudinal cut)

Resonance frequency, quality factor
and shunt impedances

-
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Numerical Examples

» Comparison to MAFIA calculations (f... monopole)

1 2
T 1.27¢6 1.27¢6 1.276 T 1.27¢6
2 1.278 1.278 1.278 2 1.278 MAFIA:
3 1.282 1.282 1.282 3 1.281 )
4 1.286 1.286 1.286 4 1.288 step size Imm
5 1.290 1.230 1.290 5 1.289 . .
6 1.294 1.294 1.294 6 1.292 12.000 grid points
7 1.297 1.237 1.297 7 1.296
8 1.299 1.239 1.299 8 1.298
3 1.300 1.300 1.300 9 1.298 -
10 2.378 2.379 2.379 10 2.380 >
11 2.383 2.383 2.383 11 2.386 S o
12 2.391 2.391 2.391 12 2.394 o © O
< 13 2.402 2.402 2.402 < 13 2.406 S O N
O 114 2.414 2.41a z.a14 O 14 2.418 S —
R S an 5 an 5 =<
T 15 2.426 2.426 2.426 T 15 2.431 S5O o
£ s 2.433  2.433  2.439 £ s 2.442 ms 9 -
o 17 2.448 2.448 2.448 o 17 2.450 M co O
S 18 2.454 2.454 2.454 S 18 2.454 - 3 < Qo
O 19 2.487 2.487 2.487 O 18 | -—-———- = o O e
> 20 2.497 2.497 2.497 > 20| ----- o n o
21 2.a98 2.438 2.438 21 | - N g 0 a
22 2.498 z.438 2.438 22 | emme- < TS @
23 2.500 2.499 2.499 r B —  TE modes J o oW
24 2.501 2.501 2.501 24 | —-meo Nn—=c -
25 2.502 2.502 2.502 25 | —mme- Ll 8_ = D
26 2.502 2.502 2.502 26 | —-—_ — == 0
27 2.506 2.5086 2.506 27 | oo _ ~ 0 8 !
298 ) T > T - T Y] ) T i -
28| 2.676  2.676  2.67¢ 28 | 2670 Y T o
2 Z2.882 2.682 Z.682 2 2 i QO = c N
30 2.892 2.892 2.692 30 2.686 C O g c
31 2.7086 2.7086 2.706 31 2.699 Qo 8-Q o]
32 2.722 2.722 2.722 32 2.715 TR/ ;
33 2.733  2.73%  2.739 33 2.731 o o X"
34 2.754 2.754 2.754 34 2.745
35 2.766 2.766 2.766 3s 2.757 =0
36 2.774 2.774 2.773 36 2.765
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Numerical Examples

 Comparison to MAFIA calculations (R/Q monopole)

4
1 0.000 0.000 0.000 1 3.000
2 0.174 0.172 0.173 2 0.000 MAFIA:
3 0.002 0.002 0.002 3 a.001 .
4 0.613 0.606 0.604 4 0.001 step size 1mm
5 0.018 0.015 0.013 5 0.001 ; .
6 1.076 1.073 1.072 : 0.002 12.000 grid points
7 0.044 0.039 0.029 - 0. 034
8 1.400 1.377 1.385 -
8 0.016
] 519,668 519,982 520.059 5 s11 0es
10 0.313 0.309 0.310 T 5 0oa =
11 0.375 0.374 0.377 -2 =2 d
12 2.459 2.459 2.456 11 0.020 > O
13 1.072 1.068 1.071 1z 0.033 @ © 8
X 14 5.879 5.890 5.904 X 13 0.055 o O
% 15 3.958 3.962 3.955 % 14 0.494 O = <
c 16 14,575 14,581 14.603 c 15 0.008 — D L 4
= 17 84.277 84.428 84.475 = 18 10.235 NS P -
()] 8 66.772 66.968 66.931 () 17 77.653 (YI') c O ()]
T 19 1.198x 107 1.206x107" 9.785x 107" e 8 73.872 — 3 < Qo
CED 20 1.600x10%¢ £.000x 10" 2.050x 10" CED fi g'ggg o O3 g
21 9.000x 10" 4.100x10"F 1.750%10% ‘ : S s w03
- i - : B " 21 0.000 (q\} c U o
22 8.550x10 2.600x10 3.150%10 P 0.000 <GE O
23 1.415x10%°F 3.950x10°® 2.400=10"% 2
: . . : . 23 0.000  ~ TE modes R
24 2,435 10" 6.300%10F 4,150 10 24 0.000 N=c .-
25 6.450: 10 4,900% 10" 1,700 107 25 0.000 L 8_"—' 9
28 6.700: 102 3.600: 10 4.000% 100 26 0.000 — 5 "'5 ]
a7 N—r
27 9.890x 10" 1.247% 107" 1.057=10"7 f5 0.000 .. wn g
28 0.060 0.064 0.066 28 0.043 O o
29 0.347 @ o
29 0.342 0.347 0.345 2 - 347 O S5 S N
30 n.008 D.009 0.009 30 0.140 c S c C
31 0.786 0.780 0.784 31 0.166 o o9 ©
32 0.075 0.072 0.072 32 0.195 Qe B2
33 0.379 0.386 0.386 33 0.023 O O @ .
34 0.137 0.140 0.132 34 0.096 dSoc
35 0.083 0.085 0.086 35 0.000
38 0.027 0.028 0.028 36 0.011

~1 -
=
-

el m)
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» Geometry Modifications
ES Superconducting cavity (half cell) w-‘

CST cavity-construction macro:
Modification of each
= | individual cell possible

'-_. |
ri
................................................. X -, U
r "35 wlen |1':|3 2 |'|E|EI?EE
=l 18 w2 (7445
wl o |23 w2 [83.27
Ok, Caricel Hel
% [ ) (i) (el + attached

beam tubes and couplers
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Numerical Examples

» Geometry Modifications

f vs Q, Monopole, 3M
W e

B // :‘ \ 2l e Original

s g cel 2,3, 4,5
r2, +1 mm, xlen2, -1mm
cell 5

r2, -1 mm, xlen2, +1mm
cell 5

r2, -1 mm, xlen2, +1mm
cell 9

cell 5a

r2, +0.5 mm, xlen2, +1mm

i
|
Sl tmm
I
1 cell 5

T I\\IH‘
-
PN
'~
| I\\IH‘

~
i

Monopole #2

-
e
~

5 | \ | | \ | | | \
101.25 1.26 1.27 1.28 1.29 1.3 1.31 1.32 1.33 1.34 1.35

f/ GHz

-
ol m)
=
Nom
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» Geometry Modifications

—_
<
\

Rz /Q

f vs Rz, Monopole, 3M

Criginal

r2, +1 mm, xlen2, -1mm
cell2,3,4,5

r2, +1 mm, xlen2, -1mm
cell 5

r2, -1 mm, xlen2, +1mm
cell 5

r2, -1 mm, xlen2, +1mm
cell 9

r2, -1mm

cell 5a

r2, +0.5 mm, xlen2, +1mm .-

cell 5

B

101.26

1.3
f/ GHz

1.34
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Summary / Outlook

Summary:
Accurate complex eigenmode solver available
- FEM up to 2"d order edge elements
- Geometric modeling with curved tetrahedral elements
- Port boundary conditions with curved triangles

- Application to the 1.3 GHz structure
(calculation of all modes up the 5™ dipole passband)

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