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Eigenmode Solver
Theoretical Background

, Y /\
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In free space travelling waves can
exist for any frequencies.

If such a plane wave is reflected at a
perfect wall (electric or magnetic)
there will be a standing wave. This
standing wave exists independently
from the frequency.

The insertion of a second wall does
not affect those standing wave as
long as the distance L between the

walls fits perfectly to the wave-length.
) | The standing wave of this closed
f=c/L f=c/L structure is called an eigenmode.
/\ /\ The frequency and the shape of the
o) SV next eigenmode fitting between those
\/ \/ N A two walls is predictable.
f=2c/L =20/l CST
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Eigenmode Computation

rotE=— jouH - )
rotH=jocE+ocE= Jo(¢+—)E = JowcE

jow
o

1 — 5 —
rot—rotE=w"¢kE
Eigenvalue equation for the resonant structure modes
and resonance frequencies.
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e Eigenmodes

Mode Frequency
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Eipenmode Solver Parameters @

Solver zethingz

Method: AKS 1 w

Modes: 10 2

[terations: |2

[] Stare all result data in cache

[1-factor calculation

[] Calculate external G-factor

Adaptive mesh refinement

[ ]Enable

YE Eigenmode Solver

L=t J | [ Main user input:
[_GOpimize.. ]
[ Par sween_ | 1 | Which eigenmode method should be used?
p (AKS might be faster for well behaved examples,
: JD is more robust and might even find good
solutions for bad conditioned problems)
_implif_l,l b odel...
2 [How many modes are required?

The AKS method always calculates internally at

least 10 modes. (Therefore nearly no difference in

cpu time between 1 and 10 modes).

The JD method calculates one mode after
another, therefore 10 modes need roughly
10times the simulation time of 1 mode.
Therefore the number of modes should be

decreased when using the JD method.
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- Eigenmode Solver Parameters

A simple lossfree Cavity -

M ethod: IJD [loszfres] j

b odes: |3

3 symmetry planes = only 1/8
of the volume needs to be calculated

Boundary Conditions

Boundaries  Symmetry Planes | Eoundany Temperaturel

YZ plane; Imagnetic [Ht=10] j
= plane; Imagnetic [Ht=10) j
w0 plane: Ielectric [Et=10] j

CST
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Energy Densities

=3 20430 Results

=3 Modes
=4 Mode 1
(e
h
electric energy density g EurfaCED'?u"?”t magnetic energy density
0.5 £ E_peak”2 e i 0.5 p H_peakA2
M agretic
J/m*3
5.
3. 1.26e?
) ?.16e6 N
2. 6-1e6 -
1. 5.04e6 -
1. 3.98e6 | |
8. 2.92e6
3. 1.86e6
795707 ]

Volume Integration of Energy Density is possible via Result Template
0D / Evaluate Field in arbitrary Coordinates (0D, 1D, 2D, 3D)
Note: for a lossfree eigenmode both integrals (el. + mag.energy) will be 1 Joule,
since the energy is oscillating between electric and magnetic field.

8 www.cst.com
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Plotting Fields and getting Field Values

Template Based Postprocessing

10 Results | oo Hesults|

Dhirv:
10

| |
I Evaluate Field along arbitrary Coardinates (10 Plat] I

[=Z. 1D Field Plot

Calculation B ange

Coord. Syztem:

cartesian W

may. range

Ealuated Field and Component

WCS: e

global [xyz) ~ 00 [
Directian: "

Z v 0.0 0.0
S ampling: Emir: Ema
2-nomal ||:I.|:| |EI.EI

Fezult ' alue

ModestMade The

| | | |10 Piot of Field Values

Complex:

. Component:
| ibs

v | | Feal Part

v|

J [ Cancel J [ Help ] [DrawF‘uints] [Datafile...] [Lu:ugfile...]

‘L ok,

Juate Al

Help

2.52+009

& _fhs (7)

2e+009 _
1.5e+009 _
1le+009
Se4008 _

0

Z/mm

are stored as peak values.

All modes are normed
to 1 Joule stored energy.
E / H / surface current

CST
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Benchmark Pillbox

Influence of Meshing

{J_error_percent

2 T T
E 15 M\....b......i] Q_theory=50 940
1 N\ ii] Q simul=50 990

05 | M
0 :
1 2 3 4 5 :
Passes Cpu-tlme
pass 1 = 16sec
0 frq_error_percent pass 5 =2 min
A/m ' ! '
surface current J 005 | i g
2522
Ot d f theory=229.485MHz
1734 015 gleoded f_simul=229.444MHz
1103 0.2 i i Z | CST

1 2 3 4 =)

i
[l. 473 FPasses
10 pillbox_01.zip 8 www.cst.com
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The Quality Factor Q

B 27 o StoredEnergy 2rz-f-W
Energy _consumed _ per _ period P

rms

the higher Q, the longer the energy is kept

» for a lossfree structure P=0 = infinite Q

« different kind of losses exist:
« skin effect (surface) losses: Q,,;
« dielectric (volume) losses: Qg
* losses due to connected feeding lines: Qg
* losses due to energy transfer between beam and mode: Q, .,

L 1
1 1 1 1 1
o |—» = + + +
Qtot Qwall Qdiel Qext Qbeam
]
L
As a circuit model, all losses can be seen as a CST

parallel circuit, acting on the same mode. 5
www.cst.com . e
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Calculation of Q,,,,; and Qi

Results -> Loss and Q-Calculation performs a loss calculation in the
postprocessing based on perturbation theory. It handles metallic losses
due to finite conductivity (skin effect) as well as dielectric losses.

Q-Factor Calculation E|
H-Field data: | Mode 1 v
Material/S alid Conductivity | Mue Lass/wipeak] | O
S
Q=2*Pi*frq * Energy / Loss_rms
frq = 2.96289815e+010 Hz
Loss rms = 0.5 Loss_peak
Energy = 1 Joule
cST

=
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Integration of Voltage,
Calculation of Shunt Impedance & R/Q

10 Resuls| 0D Results

e ———— Shunt Impedance Rs=Vo"2/(2W)
with Vo : voltage ,seen” by a charged
interacting particle.

[=L 3D Figenmode Result

Result value: tade Mumber:
Shunt Impedance “ 1 . . . .
Frequency _ For voltage integration also the Transit Time Factor
0-Factor [Perturbation) oz and O-Calculation. .| . . .
Total Loss [Pertutbation] can be specified, which defines the speed of
Total E .
Rover | max the particle (beta=v/c) and guarantees a
e e | phase-correct integration of electr. field.
[1-Factor [logzy Eigenmode]
[1-Factor [external] — Ii
-t actor foaded] R/Q (R over Q) only depends on the geometry
2 [~k faa | kA \ e th £
[+] maw. range ||:|_|:| | L \nOL Oin tne 10SS medCi |ai"|iSi"|"|) anda is inereiore
R often used to compare different cavity structures.

[ ] consider part. velocity

[ 0k, ] [Eancel] [ Help ] [DrawF'n:nints] [Ln:ngfile...]

CST
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Example Superconducting Cavity

easy construction via Macros ->

Construct -> Superconducting Cavity

[=. Superconducting cavity (half cell) @

*
*

L]
*y

2

-~

_,
= ¥

+
-

Bl ¥ e erepe *, U

a1 s denz 57692 | 2 [1033 |
ml o (12 e |4

ml |19 ma |42

[ 1]:8 ] [ Cancel ] [ Help ]

Template Based Postprocessing

10 Hesultsl 0D Results |

[l%l_

14 ellipt_cav_01.zip

.-'l'-.u:h:l rew poztprocessing step...
Rezult name Template name Walue

1 | Frequency [Mode 1] 3D Eigenmode B esult 1.2701

2 | -Factar [Perturbation] [Mode 1] 30 Eigenmode Reszult 3.132456e+004
3 | Total Lozs [Perturbation] (Mode 1] 3D Eigenmode B esult B.095663+005
4 | Total Energy [Mode 1] 30 Eigenmode Reszult 1

5 | Shunt Impedance [Mode 1) beta=1 30 Eigenmode Result 8.7 2267 Be+005
£ | A over O [Mode 1] beta=1 3D Eigenmode Reszult 27.84E1

7 | Woltage [Mode 1] 3D Eigenmode Reszult 2956559 3+006

www.cst.com
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Eigenmode Solver Parameters

— Solver settings

Langer filter

X

X

Start |

b ethiod: IJD [lozzfree] j

Modes: |1 1]

[terationg: |2

™ Store all result data in cache

[A-factar calculation

¥ Calculate external Q-factor

[ Enable Froperties, .. |

|'.-'1‘-.daptive mezh refinemernt

O ptimize...

Par. Sweep...

Specialz...

il

Simplify kaodel...

Apply

i

Cloze

Help

Eigenmode Solver
Calculation of Q.

Results of the Q-Factor calculation: Log File

.EEBEel4sd44k
_EEBE148445
_Ed4Ez011231%
_ETZ0Z07038E
-8541z046144
96493323077
.080lced0s4n
185845331085
S 73471081767
_90217EZ9198Z
03194365868

. E23et+000
_8Zet000
_EEet+00Z
_0Ee+00Z

SLet00Z

.GZet00z
.GZet004
_07e+003
_9le+00Z
_0le+00Z
_97e+004

E.g. external Q-factor comparison for the Langer filter

f [GHZ]

CST Q_ext

Steiglitz-McBride

4.546

332

332

4.572

305

305

7.080

26200

24132

7.185

9070

8472

15

CS

T

www.cst.com e Oct-09

T



I Other methods for loaded Q
. calculation

» Using the transient analysis
« Amplitude E-field inside a resonator is given:

gt g -t

E(t) — EO . e_z'QIoad or EE(t) — e_z'QIoad

0

* Monitored using an E-field probe
* Measure the time difference At in which the E-field is
damped by a factor of 1/e then Q load is given by

Qload — 7-C'Ai:'fO

CST

16 CST Microwave Studio e www.cst-world.com e Oct-09



Other methods for loaded Q

Qload = Tc'At'fO

1/e

17

y 200

900

calculation

Signal: 503.7 at t1=200 ns
Signal: 503.7/e = at t2= 423.6ns
At =12 —t1 = 223.6ns

fo = 2.4615 GHz

QIoad = 1729

Probe Time Signals in ¥fm

d=222.913

goon _

GO0 _

503.7

400 _

1856.2

probe_cawv [1]

d=318.5

400 500

423.623 CST

CST Microwave Studio ¢ www.cst-world.com e Oct-09 m
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0.3

0.3

Time Domain Simulation and
Resonant Structures

Slow energy decay since energy is kept in the resonance

» Long Simulation Time

» Prediction of signal by Autoregressive Filter
» Usage of Frequency Domain Solver

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

Transient Activity

WWVWVW\MNMWWWW

10

Time / ns

ol l

-10 .

-20 .

-30 ||

-40 | .

-50

0

0 1 2 3 4 5

CST
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Time Domain Simulation
AR Filter

0.7 S S SO - SR R L

\ oo Original S-Parameter--- -

Stop at 31.0ns

-' . fﬁﬁjjj - /\ \E ””” 5 o
Without online-AR cpu=100 sec E » w0

N F—— § S -

n ‘ f M A || predicted by

N~ "k ARFilier-——

ST A

IStopat1.4!ns \\__ [
With onIine-AR—I:iEI”:er cpu=15 sec (1port) o CST
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0.9+

0.8 7

0.7 7

0.6 1

0.5 7

0.4

0.3 7

0.2 7

0.1+

Frequency Domain Solver

« Simulation performed at single frequencies

« Simulation of Steady State

« Broadband Frequency Sweep

S-Parameter Magnitude

_________________________________________________________________________________________________

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

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

= — &

30 3 32 33 34 35 36 37 38 39 40

Frequency / GHz

20

0.9
0.8+
0.7 1
0.6 1
0.5 1
0.4 1
0.3 7
0.2 1

0.1

0

S-Parameter Magnitude

______________________________________________________________________________________________________

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

_____________________________________________________________________________________________________

30 31 32 33 34 35 36 37 38 39 40

Frequency / GHz

CST
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Thermal Calculation

Surface and volume losses
from previous eigenmode
simulation can be used to perform
a thermal analysis

Select Thermal Loss Distribution

Sounce: k.
| Eigenmodes [Mode 1] w |

Source parameters:

Frequency:

Scaling factar [RMS power]:

10 |

[ ] Consider volume losses

[¥]:Conzider surface loszes

CST
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Tracking Algorithm

Workflow:

1. Calculate electro- and magnetostatic fields
2. Calculate force on charged particles

3. Move particles according to the previously calculated
force —=)> Trajectory

d R .
d_( V) (E ) Velocity My — iy +th(En+1/2 Bn+1/2)

update

I
%:V Position update prdie — g2 4 A

CST
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Tesla-Type 9-Cell Cavity

Electric Field
calculated by
MWS-E

www.cst.com | Oct-09
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4

Tesla-Type 9-Cell Cavity

LA\
- :

Particle Trajectory
(color indicates the

energy of the particles)

www.cst.com | Oct-09 m
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TESLA — Two-Point-Multipacting

« Eigenmode at 1.3 GHz
* Emax =45 MV/m

Vim
1.48e?
1.38e7?
1.12e7?
9.31eb6
7-15eb
5.59e6
3.73eb
1.86eb

Type = E-Field (peak)

Monitor = Mode 1

Maximum—3d = 1.49681e+887 V/m at -41.5637 /7 6.5 / 223.981
Frequency = 1.31365%

Phase =8

deorees CST

26 www.cst.com | Oct-09 m
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I TESLA — Two-Point-Multipacting

ow
9

CST
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Emission Models

Space Charge Limited Emission:

Assumption:
*Unlimited number of particles

Particle extraction depends on
field close to emitting surface

Childs Law:

-2 E010-00)
9\ m d?

29

Child-Langmuir Model

CST

7 D (d)
e
o-""::‘”/
PEC et
.‘1..-:“!_‘”’
\AE'\ Virtual Cathode
I=
O]
=
-
O
Voltage www.cst.com | Oct-09

a



Emission Models

Thermionic Emission:

Temperature Limited

Assumption:

Limited number of particles

Current

Particle extraction depends on

field close to emitting surface Space Charge

until all particles are emitted “Limited
Richardson-Dushman Equation:
ed Voltage

_ 24 KT
J.=AT% csT
30 www.cst.com | Oct-09
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Gridded Gun

permanent magnets

control grid

www.cst.com |
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Gridded Gun - Mesh

CST
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I S-DALINAC Electron Source

Vacuum

Photocathode Diagnosis and

Manipulation
CST

33 See also Bastian Steiner, PhD Thesis, TEMF, TU Darmstadt ﬂ



S-DALINAC Electron Source

el

1.088e5

02218
85966
7971%
73463
67211
66950
L4787
484545
52204
35952
20781
23449
17197
18945

Electron trajectory

CST
34 See also Bastian Steiner, PhD Thesis, TEMF, TU Darmstadt m
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S-DALINAC Electron Source

U

1.36e-886

Electric potential = , 10938

Type
Honitor
Plane at x

Maximum-2d AUat e s -128 7 @

35 See also Bastian Steiner, PhD Thesis, TEMF, TU Darmstadt
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Collector

Potential v

-5B8eb

- 22eb
-B3eb
-B1eb
-BBeb
-47eb
- 28eb
. B89eh
90606
71853
53099
34346
15593
-3160
-21913

-50042

P ERNNN

CST

www.cst.com | Oct-09 m
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Collector, including secondary electron
ICCI

am
|

Nn
1Hilooo1VvV

Eo= 50 keV

38 www.cst.com | Oct-09

Eo = initial energy of the electrons
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Wakefields

What does the Wakefield Solver do?
> simple explanation: Special current excitation of CST MWS T-Solver.

» more complex explanation:
- Moving charged particles are represented as Gaussian current density

- At structure discontinuities the intrinsic electromagnetic fields of the moving
charged particles causes the appearance of ,\\Wakefields*

- These Wakefields can act back on the particles which is expressed in terms
of a Wakepotential

"y R Y e s+ z, . s+ z.
4 Y Wiz, y,s) = — / (Elt.t‘. Yy, z,t = 1+ T = Blr.y, z.t= Jl) dz

1S e U i

CST

41 www.cst.com | Oct-09




Wakefields

Beam Position Monitor

Sigma = 280 mm

Max. beam frequency = B.B5857 GH=z
Beta = A.75
Charge = 1e-868 C
detailed
Note: Beta smaller view CST
than 1 is possible.
42 -com | Oct-09
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Wakefields

Beam Position Monitor

150

Output Signals at the electrode
ports excited by the beam

Clamp to range: (Min: 8/ Max: 1le+866) Vim

1.08eb

-150
0 . 7 8.44e5
Time/ns - 1905
5.94e5
4.69e5
3.44e5
2.19e5

93750

Type = E-Field (peak)
Monitor = e-field (t=0..end(Ze-11);x=8) [pbl
Component = fAbs

Electric field vs. time Plane at x = 0

Sample =1 7 4414
4{3 Time =@

Haximum-Z2d = 3.78349e+806 V/m at -5.77677e-812 / -27.255 / -16-15




lo(f)]

44

Wakefields

Upo(f) _ VZo [ Ex(0,0,2 f)e ™ da

VEZLQUF) a o2 Ur(f) . 5

See also: P. Raabe, VDI Fortschrittsberichte, Reihe 21, Nr. 128, 1993

— Pickup Fall
of fipu ol flx — — KickerFall :
ab S L
A :
_3r 3\ 4
: 5 :
5 2r D
s g =i ___JE ____________________ 1k \i\ 4
0 . L s .
. 0 0.5 1/, 15 2 f. 215
LN 7/GHz
Abbildung 5.7: Ausgangssignale o f)prr und o fix im Pickup- und Kicker-Fall bei
Simulation der A/4-Elektrode.
________________________________________________________________________________________________________________________ Normalized
output at the
electrode
0 05 i 15 2 25
f/iGHz

CST

www.cst.com | Oct-09




I Wakefields

Pillbox Cavity

[ Beam definition ]

[ Structure ]

>
Sigma = 10 cm
Max. beam freguency = 1.77347 GHz
Beta =1 CST

Charge = 1e-009 C
45 www.cst.com | Oct-09 m
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Wakefields

— Never Algonthmus
— — MAFIA
---- Bunch

x 10"
r 3 1 e ) s+
Wile,y, ) = —f E.{r,y zt= ) d
1 J—ec T 2+
3e+011 =
)
= of
=
2e+011 _
le+011
Q
s
D
= 0
; -
1e+011
-2e+011 ; ; :
0.5 0 1 2 25
s/m
46

Reference Pulse
Wi(s)

CST
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2.2e+007

Wakefields

Wake impedace &Am

2e+007

1.5e+007 .

le+007

Se+006

47

________________________________________________________________________________________________

________________________________________________________________________________________________

A

Frequency [ GHz

: | |
1 13 2

CST

www.cst.com | Oct-09
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Wakefields

Clamp to range: (Min: 8 MNMax: 5898) v/m

Type
Monitor
Component
Plane at x
Sample
Time

Maximum=-2d

50006
|

4219 -
3594 -
2969 -
2344 1

1719 1

1934
+ES;|I
%)

E-Field (peak)
e-field (t=8..3e-8(1e-11):x=0) [pbl

Abs

%]

1 /7 1136 A

0 .’[
7554.84 V/m at 8 / -1.5 /7 @8 ’

CST
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