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Wakefield computation in the time domain

» The wakefield problem in the time domain

S+ 2z

C

Wy (r,s) = %J dz Ez(r, z, t(s, Z)) t(s,z) =

- Solve time-dependent Maxwell’s eqs. with beam current excitation
- Get impedance by Fourier transform

Z(r,w) = ——ﬁjdswn(r s) exp( l%S)

- For short-range wakes: moving window / dispersion-free computation

PBCI simulation: wakefield
in a TESLA cavity

E. Gjonaj et al.,ICAP'06, MOM2IS02
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Wakefield computation in the time domain
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FE method for beam impedance

» The frequency domain problem

VXu 'V X E —k§eE = —jkoZoJs JsCe,y,z,w) = 8(x — x0)6(y — yO)e_i%Z
» Weak formulation: find E € H(curl)* such that:
Jqu‘leE-vah—kgdesE-vh= —jkOZOJdV]S-vh
+% dS n-[vy, x u 1V x E]
S face based cell based

edge based
\ )
Y

boundary term

i

,,,,,,,,

,,,,,
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FE method for beam impedance

» Treatment of boundary surfaces

jqu‘lvxE-vah—kgjdVeE-vh=

—jkOZOJdV]S-vh +j dSn-[thu‘1|7xE]+J dsn - [vy, X u 1V X E]

\ SsiBc )\ Swae
Y Y
resistive wall In & outgoing pipes
= Surface impedance
f dSn-[vy, Xu tVXE] =+ =joYs(w) dS v, - [nXn X E]
SSIBC SsIBC

- Simple modification of the system matrix on SIBC surfaces
- No fitting of the surface impedance function or ADE/convolution is needed
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FE method for beam impedance

» Treatment of boundary surfaces

jdV,Ll_lVXE'VXUh—kgdeSE'Uh=

—jkOZOJdV]S-vh +j dSn- vy, xu 1V xE]+

dsn-|v, x u 1V xE|

in & outgoing pipes

\ SsIBC )\
Y
resistive wall
 Beam pipes
. —k§

nX VXE=nx VxEmn +z alEyTEeTE 4 z a&MT,Se,TnM

m m
arf = | dSelf-|E - E™]

Swa Elinc \

alM = dSefM . |E — E™¢| E /

Swa
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FE method for beam impedance

= Hybrid meshes — collimator example

80
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FE method for beam impedance
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» Hybrid meshes — collimator example
iyl T e -che
[ een wem u @l BEEL = 156
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o1
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Shielded CSR wakes

 DESY-EuUXFEL bunch compressor (BC1)
~6.5m

Prismatic element mesh:
A = dmm

600k cells

4t order FEM
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Shielded CSR wakes

 DESY-EuUXFEL bunch compressor (BC1)
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Generalized S-Matrix

= Scattering matrix with beam:

(s s @ =G =1C 5=

Matching conditions:

1 1 2 2
aMeo—> o> bV  aPe > o> b\” p@ — (1)

1 2 i
ag ) b§1) ag ) bg)

: : ll()n) — i(n_l)eikoLn_l

1 2
a e—> o—> b" ay &> o—> b,” z 4™ — ,tot
.(1) (1) .(2) 2) b b
b @ -—> U, L @ -—> U, n

. . Stot k \(%m bm
- Total scatterlng matrix: ~ tot . = tot Flisgen; Gjonaj, et al.:
h 7 p u
b b PRAB (2020)
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» Tesla 1.3GHz cavity
Zmin = %1 32 :_3 2.4 is :_ts 5_7 :8 3_9 5-10 3_11 Zmax

I ez |

I . H H . . . . . H . g I

'V r=1ir=2ir=3ir=4ir=>5ir=6ir=7Tir=8ir=9ir=10i r=11|

/S ]

Y
Downstream Cell 1 Cell 2 Cell 3 Upstream

15 TE-Modes 15 TE-Modes
(Wmax = 8.2Ghz) (Wmax = 8.2Ghz)
15 TM-Modes 15 TM-Modes

(Wmax = 10.6Ghz) (Wmax = 10.6Ghz)

TEM, ...
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» Tesla 1.3GHz cavity
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Zadeh, Gjonaj, et. al, PRAB 2022
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Including termination loads

General layout of cavity with | W Lo p
external termination loads at the P
coupler ports

bcou,Z l 26011.2 hcou,p+l gcou,erl hcou,P
htm“,‘l’ L Qterf‘.’ Qter,p+] l éter,p+l hter,P l Aoy P
L{:r,? Etcr,p+l L.cr,f’
o/~ ~
h Z,/\l Up R = diag{lier 1, Iter 2, .-} termination reflection matrix
Aeoy = b : .
< “eou ter G (am> (bm> scattering matrix with
_ mOd . p— . . + .
Ater = beoy Ip Up, termination + beam impedance
\Rater = Dter

Flisgen, Zadeh, Gjonaj, PRAB 2023
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Including termination loads
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SPS 33-cell 200 MHz TW-structure
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 Example: IVU for PETRA II/IV o e-beam

magnets
vacuum chamber

tapered beam pipe

Multiple trapped modes at 0.1-1GHz
* High-Q dominated by wall losses

0.9e6 19e6 _
» Local heat spots / surface fields
1 2e6 4 38e6 . ~1500GB RAM
2 7e6 5 « ~ weeks of CPU-time
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Domain decomposition

= Decompose geometry by suitable boundary conditions

Einc — Eénc
I12 I21

>
Transmission Beam

>
Transmission

condition g

condition

<€

<€

FfZUt == S(Tll X Tll X Ell) + Tll X (V X Ell) == 5(”2 X nz X EZI) - le X (V X Ezl) == FZII{ on Flz
\ ) 1\ )

Y Y
absorbing operator one-way wave operator

Fi(n+1) = Fiy*(n)

: using fixed-point or a Krylov iteration
Fib(n+ 1) = Fgi(ny o9 e Y )

with iteration prescription:

Apply TC using waveguide port operator*: F3't = P(E; — Ef") + ny x (V X (E;—E"©))

*Gjonaj, et al.: IPAC’24, THPC62
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 Example: IVU for PETRA HI/IV
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Summary & Conclusions

» The Finite-Element-Frequency-Domain approach

- Fills the gap for some important wakefield / impedance problems
« Complicated chamber geometries
« Resonant structures — long-range wakefields
» Resistive, rough surfaces, dispersive materials, waveguide openings
« Curved beam trajectories and CSR

- Allows lumped parameter modeling
« Concatenation of large structures by generalized S-Matrix
« Fast cavity impedance optimization including termination loads
* Quasi-periodic THz structures

- Limitation: huge size of 3D discrete problems for ultra-high frequencies
- Parallel iterative solvers by non-overlapping DDM
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