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Beam coupling impedance
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Change in 
geometry Change in 

electromagnetic 
properties 
‐ȟ‘ȟ„

Passing
beamcurrent

Accelerator device

× Electromagnetic (EM) wakefieldsare generated as the particle beam traverses discontinuities 
in the geometryόŎŀǾƛǘƛŜǎΣ ǘǊŀƴǎƛǘƛƻƴǎΧύ ƻǊ ǘƘŜ electromagnetic properties ʀȟʈȟʎ
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Beam coupling impedance
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Change in 
geometry Change in 

electromagnetic 
properties 
‐ȟ‘ȟ„

Passing
beamcurrent

Beam-induced EM wakefieldsAccelerator device

× Electromagnetic (EM) wakefieldsare generated as the particle beam traverses discontinuities 
in the geometryόŎŀǾƛǘƛŜǎΣ ǘǊŀƴǎƛǘƛƻƴǎΧύ ƻǊ ǘƘŜ electromagnetic properties ʀȟʈȟʎ

The beam-coupling impedance ὤὪ is a frequency-dependent property of each 
accelerator device, used to ǉǳŀƴǘƛŦȅ ǘƘŜ ǿŀƪŜŦƛŜƭŘǎΩ ŜŦŦŜŎǘǎ

ABS E field [V/m]
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Beam coupling impedance (II)
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× Figures of merit to quantify wakefields:

o Wake potential (time-domain) 
o Impedance(frequency-domain) 

In longitudinal ᷆ and transverse Ṷplanes
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Beam coupling impedance (II)
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× Wakefieldscan generate beam instabilities and beam-induced heating that can pose 
limitationsto the acceleration operation and performance 

Acc. 
Impedance 

model

o Gather main accelerator impedance sources

To predictbeam dynamics (e.g., tune shifts) and 
instabilities(e.g., Head-tail mode 0, TMCI)

Transverse 
position growth

Intensity losses

o Optimize design and find mitigations for 
individual accelerator components 

5 Ferrites

RF coupler

e.g., SPS BWS failure[1] 

(2023)

e.g., LHC 
Warm Vacuum 

modules failure[2]

(2023)

[1] SPS BWS, 10.18429/JACoW-IPAC2024-WEPG29

[2] LHC WVM, 10.1103/PhysRevAccelBeams.28.041001

https://doi.org/10.18429/JACoW-IPAC2024-WEPG29
https://doi.org/10.1103/PhysRevAccelBeams.28.041001
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How to compute beam -coupling impedance?
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Analytical 

calculations
Beam-coupling impedance can be derived analytically for simple 
geometries and material configurations[1]: 

e.g., cylindrical pillbox cavities, pipe transitions, single-layer resistive wall

Numerical 

computations
For complex accelerator devices, requires the numerical solution 

ƻŦ aŀȄǿŜƭƭΩǎ Ŝǉǳŀǘƛƻƴǎ

o Frequency domain:  

ü ImpedanceWake2D[1] for multi-
layered 2D vacuum chambers 

[1] N. Mounet et. al, 
https://gitlab.cern.ch/IRIS/IW2D

ü CommercialCST® Eigenmode solver for 
loss-less resonant modes of 3D structures

o Time domain:  

3Dfull-wave electromagnetic simulations including 
losses and beam excitation Oclosest to reality!

ü Only closed source/commercialcodes available:

CST® Wakefield solver, ACE3P, ABCI (axis-symmetric), 
GdfidL®, PBCI, ECHO4D(3D, moving window)

V Well-established & robust
× Flexible / extendable

[1] L. Palumbo, V.G. Vaccaro, Wake fields and impedance, 
10.5170/CERN-1995-006.331

https://gitlab.cern.ch/IRIS/IW2D
http://dx.doi.org/10.5170/CERN-1995-006.331


Outline

1. Introduction to beam coupling impedance

2. Motivation for Wakis

3. Building a Wakefield solver

4. GitHub community and live demo

5. Conclusions and outlook

BE seminar | E. de la Fuente



BE seminar | E. de la Fuente

Beam-coupling impedance challenges
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× Need of ad-hoc features and developments to tackle impedance 
challenges beyond the current available solver capabilities

ĄMain motivationfor an extendableand performant open-source solver 
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Goal: open-source Wakefield solver
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× Wakefield solver: full-wave electromagnetic simulations of beam-coupling impedance, 
including material losses and beam excitation ᴼclosest to reality!

CAD geometry 
modelling

CAD import 
and Mesher

EM time 
domain solver

Impedance 
calculation

Beam 
source

Boundary 
conditionsMaterials

ABS E field [V/m]

Code architecture & maintenance 
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Goal: open-source Wakefield solver (II)

× Wakefield solver: full-wave electromagnetic simulations of beam-coupling impedance, 
including material losses and beam excitation ᴼclosest to reality!

o Explored the different available options pros/ cons and desired features

o CST® Wakefield and GdfidL®: commercial

o ECHO4D: https://echo4d.de/ by I. Zargodonov

o WarpX: an advanced PIC-FDTD codehttps://github.com/BLAST-WarpX/warpxby

o EMcLAW: unsplit Godunov solver https://doi.org/10.1016/j.cpc.2020.107268by

https://echo4d.de/
https://github.com/BLAST-WarpX/warpx
https://doi.org/10.1016/j.cpc.2020.107268
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The Wakis project evolution 

[1] E. de la Fuente, ABP-GIM: https://indico.cern.ch/event/1154158/
ώнϐ 9Φ ŘŜ ƭŀ CǳŜƴǘŜΣ ²9t[мтл Lt!/ΩноΥ 10.18429/JACoW-IPAC2023-WEPL170

Tool for computation of 
impedancefrom pre-computed 
fields using other EM solvers[1]

2022

2023

2024

Coupling withopen-source 
PIC-FDTD solver WarpX

Benchmarked lossless 
pillbox cavity below cutoff[2]

2ĆĀ˫ġ
reinvent the 

wheel !

Explore computational 
feasibility of Finite Integration 

Technique (FIT) in Python

Wakis reached maturity as a 
Wakefield solver with a 
growing community J

2025

ImpedanCEI

https://indico.cern.ch/event/1154158/
https://doi.org/10.18429/JACoW-IPAC2023-WEPL170
https://github.com/BLAST-WarpX/warpx
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Goal: open-source Wakefield solver (III)

Work in progress 

× Wakefield solver: full-wave electromagnetic simulations of beam-coupling impedance, 
including material losses and beam excitation ᴼclosest to reality!

o Explored the different available options pros/ cons and desired features

o Thanks to the open-source, Wakis offers flexibility, extendibility and transparency

v0.6.1

Next priority



Outline

1. Introduction to beam coupling impedance

2. Motivation for Wakis

3. Building a Wakefield solver

4. GitHub community and live demo

5. Conclusions and outlook

BE seminar | E. de la Fuente



BE seminar | E. de la Fuente

Long story shorté
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Χwith a passing 
beamcurrent

× Solve time-ŘƻƳŀƛƴ aŀȄǿŜƭƭΩǎ ŜǉǳŀǘƛƻƴǎΧΦ 

on each accelerator 
ŘŜǾƛŎŜ ƎŜƻƳŜǘǊȅΧ
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o Wake potential in time-domain 

o Beam-coupling impedance in frequency-domain 

ὤ ‫ Ὥ
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Deconvolution with charge
line distribution‗ί

ὶȡbeam source path 
ὶȡÉntegration path

× To obtain figures of merit:
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Finite Integration Technique (FIT)
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× Maxwell Equations (Integral form)
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Domain discretization
in cells ɝὼɝώɝᾀ

1st approximation
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× Maxwell Grid Equations[1]

Å Sparse operators
Å Diagonal grid areas (ὃ) 

and lengths (ί)
Å Material tensors
Å Fields as 1d arrays

ὔ ὔὔὔ

z
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y
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Hexahedral 
cells

[1] T. Weiland, Finite Integration Technique, 
10.1007/3-540-55250-2_26

https://doi.org/10.1007/3-540-55250-2_26
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Finite Integration Technique (FIT) (II)
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× Leapfrogtime-stepping

Symplecticfield advance routine
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╢╓═
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▒

Primal grid Ὃ

Dual Grid Ὃ

Divergence equations satisfied by Yee grid [1]:

Ὃ

Ὃ

[1] K. Yee, Staggered Grid, 
https://doi.org/10.1109/TAP.1966.1138693
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FIT implementation in Python
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Symplecticfield advance routine

Operators 
ὅȟὅ

Fields 
Ὁὸ, Ὄὸȟὐὸ

Materials 
ὓ ȟὓ ȟὓ

scipy.sparsescipy.sparse

As diagonal matrices σὔ σὔ

encoding anisotropic tensors

z-dir, plane YZ

x-dir, plane YZ

╜Ⱡȟ●

╜Ɑȟ◑

ὅ

As 1DP 3D σὔ
lexicographic arrays in 
custom Field class

As σὔ σὔ

sparse matrix

▄
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Sources and boundary conditions

o Sources and/or 
initial conditions:

o Domain termination ḳ
Boundary conditions (BCs):

PEC, PMC, Periodic,   Open╔ ὸȟ╗ ὸȟ╙ ὸ

Modify ὅ
operator

with Perfect 
Matched Layers 

(PML)

In Wakis: gaussian wave packet, 
plane wave, gaussian beam current
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Sources and boundary conditions

o Sources and/or 
initial conditions:

o Domain termination ḳ
Boundary conditions (BCs):

PEC, PMC, Periodic,   Open

Modify ὅ
operator

with Perfect 
Matched Layers 

(PML)

In Wakis: gaussian wave packet, 
plane wave, gaussian beam current

Example: Gaussian wave packet 
with PEC versus PML boundary 
conditions in the longitudinal z+ 
direction

4 PML 
layers

Ὄ Ὁ

ὸ

╔ ὸȟ╗ ὸȟ╙ ὸ
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Geometry modelling and visualization

× 3D visualization, geometry manipulation, CAD importing and meshing are 
built on the open-source, VTK-based package ___

o Constructive Solid Geometry (CSG) principles:

+ =

[1] Sullivan, C., & Kaszynski, A. (2019) PyVista
https://doi.org/10.21105/joss.01450

cavity=pv.Cylinder(radius=5, height=100) + pv.Cylinder(radius=50, 

height=30)

o Parse CAD geometry to STL and import

o Built-in interactive 3D plotting:

grid.inspect(add_stl='all') solver.inspect()

o Generatecomputational structured grid 
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Allocating material properties
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× Using VTK collision filters[1], Wakis marks the computational cells inside the CAD 
geometry solid, and assigns the material properties accordingly, e.g.:
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grid.plot_stl_mask('shell') Permittivity ╜Ⱡ Conductivity ╜Ɑ

[1] L. Gottschalk et. al, OBBTree, 
https://doi.org/10.1145/237170.237244

[S/m]

[S/m]

o This method allows for Subpixel Smoothing[2] of material properties 
Ą avoid staircased effects and false-PECcells using effective 

material according to volumetric fractions

[2] A. Farjadpouret. al, Subpixel Smoothing,
https://doi.org/10.1364/OL.31.002972

Volumetric cell 
fractions inside solid Ὢ

https://doi.org/10.1145/237170.237244
https://doi.org/10.1364/OL.31.002972
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Results & benchmarking 
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Wake potential Impedance

o Shell conductivity „ ρππS/m

╙◑ȟἻἺἫὼȟώȟᾀ
ήὧ

ς“„
Ὡ

o Ultra-relativistic beam source:

× Benchmarking campaign conducted on a lossy Pillbox cavity: 
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Results & benchmarking (II)
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‍ πȢφ

presented at

╙◑ȟἻἺἫὼȟώȟᾀ
ή‍ὧ

ς“„
Ὡ

o Using non ultra-relativistic beam source:
3D E-field distribution 

Benchmark 006
PEC cavity

× Benchmarking campaign conducted on a lossy Pillbox cavity: 

Benchmarks 001- 013 publicly available: 
ImpedanCEI/wakis-benchmarks

*Many thanks to E. Macchia

https://github.com/ImpedanCEI/wakis-benchmarks
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Results & benchmarking (III) 
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For different conductivities„

1 Tesla T4 GPU

16-core CPU
рƘ нлΩ ммΩΩ

рсΩ млΩΩ  x5 faster

Above 
pipe
cutoff

Wake potential Impedance

Using PML BCs

20M cells

Wakis:
peak memory 

8 Gb

presented at

× Benchmarking campaign conducted on a lossy Pillbox cavity: 

*Higher conductivities require 
SIBC approximation (in progress PR #46)

https://github.com/ImpedanCEI/wakis/pull/46
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Wakefield extrapolation 
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× Wakefield simulations challenge: slowly decaying wakes for high conductors 

Solved by IDDEFIX: A physics-informed differential evolution package to fit and extrapolate 
analyticallypartially decayed simulations using the resonator formalism[1] ὪȟὙȟὗ

IDDEFIX was developed in collaboration 
with S. Joly and M. Raschke

o IDDEFIX key advantage: Impedance described analytically as list of resonances 
ὪȟὙȟὗ : Mode-by-mode power loss analysis& acc. impedance model flexibility

[1] S. Joly, PhD thesis, link

s [m]

e.g., case of Copper υȢψρπS/m 
Å Fully-decayed (-60dB): 6.5 km, 47h
Å (-10 dB) extrapolation: 5h

https://hdl.handle.net/11573/1718791
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GPU/CPU acceleration
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Dense meshes 
> 1000 M cells

Simulation length & 
stability 

× To tackle present & future impedance challenges:

Wakis numerical implementation can run on:

o CPU multi-thread with numpy/scipy MKL backend

o Single GPU with cupy/ cupyx

o Multi-CPU coreswith mpi4py & ipyparallel

o Multi-GPU nodes with mpi4py- CUDA, ipyparallel

+ Simulations in double FP64 (default) andsingle precision FP32:

e.g., 20M cells, 4Gb, 560 it/s with np.float32

Ą½ memory, x2speedup CPU, x20on TeslaT4,  with 
precision error accumulation ͯρπ

MPI strategy: longitudinal domain splitting in z+ 
communicated by ghost cells
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Results & benchmarking (IV)
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× Benchmark 011 of the transverse dipolar 
impedance ὤ with the LHC bellow

x

y

o Simulation of the dipolar X impedance 
displacing the beam source:

Integration path

Beam source path

Fully parametrized in python:
ρυ φɲπmm convolutions 
on ɲ τψmm pipe 

*5ÓÅÄas hands-on example 
for CAS in Bulgariawith CST®

Result using 
single-precision
np.float32

Benchmarks 001- 013 publicly available: 
ImpedanCEI/wakis-benchmarks

https://indico.cern.ch/event/1466612/contributions/6449159/
https://github.com/ImpedanCEI/wakis-benchmarks
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ImpedanCEI overview
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Wakis GitHub overview
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CPU-GPU-MPI
Simulationexamples

and notebooks
ϤнΩ ǘƻ нлΩ 

Open sourcecode

Nightly tests 

AutoDocumentation
with Sphinx

Check the repository
@ImpedanCEI/wakis

Actionsand 
CI/CD pipelines

Deployed to PyPIand 
/9wbΩǎ Zenodo

Agile CI/CD

https://wakis.readthedocs.io/en/latest/
https://github.com/ImpedanCEI/wakis/
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Coding practices 
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Documented

Installation guide on 
Windows/Linux

CPU & GPU

Extensive physics 
and numerical 
method guide 

¦ǎŜǊΩǎ ƎǳƛŘŜ 
with all features

Sphinx-autodoc
API reference

wakis.readthedocs.io

https://wakis.readthedocs.io/en/latest/index.html
https://wakis.readthedocs.io/
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Coding practices (II) 
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Nightly and 
on-pull-request 

tested

× Test suite composed of 39 end-to-end and unit tests hosted on GitHub 
workflow pipelines:

o Full suite runs nightly on CPU and MPI (GPU self-hosted)

o Selected tests run on active Pull-Request update: 

Ą protects and verifies contributions to main branchautomatically 

================== 37 passed, 2 skippedin 361.55s (0:06:01) ===================
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Wakis community pulse 

36GitHub Star History

Community interest× Wakis community is growing by the day

o Several institutes have shown interest in the project J

o Participation through GitHub issues/pull requests

Issues/PR activity 
over the past 

month

Traffic in the 
last 14 days

https://www.star-history.com/#ImpedanCEI/Wakis&Xsuite/Xsuite&type=date&legend=top-left
https://github.com/ImpedanCEI/wakis/issues?q=is%3Aissue
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Wakis community pulse 
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Community interest× Wakis community is growing by the day

o Several institutes have shown interest in the project J

o Participation through GitHub issues/pull requests

o Creation of Wakis Meetingsfor open discussions 

https://github.com/ImpedanCEI/wakis/issues?q=is%3Aissue
https://indico.cern.ch/event/1531249/
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Users and applications
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Beryllium 
windows

× Simulation of the short-range wake inside the Muon Collider cavities

o Non-ultrarrelativisticregime ‍ πȢψψω
o Particle beam goes through Be Windows
o Non-uniform material near open boundaries

Challenging to 
simulate in CST®

Longitudinal wake potential

*Courtesy of 
C. Barbagallo

Added space for boundaries 
not needed in Wakis

CST® Wakis


