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Beam dynamics software landscape at CERN
3

CERN has a long history of powerful software tools for beam physics applications, typical examples:

Lattice Design Optics (calculation & design) Tracking (dynamic aperture) Collimation

Impedances Beam-Beam Effects Space Charge Intra-Beam Scattering
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Requirements:
– One toolkit for many applications: from low-energy hadron rings to high-

energy lepton colliders.

– Heterogeneous simulations made natural, as opposed to having to deal with 
ad-hoc scripts or model translations between tools.

– Extendable by default, while legacy tools are much harder to extend. They 
w r n’  d   gn d for  ha . Lack of expertise to do so anymore.

– Modern user-interface: Python, with its ecosystem of scientific computing 
tools. No need to maintain own plotting tools, or scripting languages 
anymore – saves effort, less complexity.

– GPU support built-in, in addition to single- and multi-threaded CPU.

Xsuite project launched in 2021 to address issues arising from the fragmented 
landscape, using the know-how acquired in development of the earlier tools.

Goals: 1st class Python, 1st class collective, 1st class GPU.
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References for a full list of features:
– Documentation: xsuite.web.cern.ch. 
– “Xsuite: a multiplatform toolbox for optics design, fast tracking, collimation and collective effects,” ICAP’24. 
– “Xsuite: a multiplatform Python toolkit for beam dynamics,” ATS Seminar (2025).
– “Empowering a broad and diverse community in beam dynamics simulations with Xsuite.” IPAC’25.

xsuite.web.cern.ch
https://indico.gsi.de/event/19249/contributions/82627/
https://indico.gsi.de/event/19249/contributions/82627/
https://indico.cern.ch/event/1489714/
https://indico.cern.ch/event/1489714/
https://meow.elettra.eu/81/pdf/WEBN1.pdf
https://meow.elettra.eu/81/pdf/WEBN1.pdf
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– Orthogonal architecture: split the software into 
independent functional blocks at all levels.

⇒ Well-defined, cleaner interfaces

⇒ Lower codebase complexity

⇒ Better scaling, easier to understand
⇒ Lower learning curve for users & developers

⇒ Users can (and do!) become developers.

– Agile development:
– From the beginning big effort to support users: user 

feedback and involvement visibly increases the 
quality of the package.

– Thanks to investment in continuous testing, we can 
afford a fast release cycle with new versions coming 
out multiple times a month, incorporating 
modifications/extensions based on user feedback.
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Xobjects
Interface to different computing platforms 
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Xfields
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from particle ensembles

Xtrack
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deferred expressions
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Xwakes
Wakefields and 

impedances

Development approach
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Lattice Design Optics (calculation & design) Tracking (dynamic aperture) Collimation

Impedances Beam-Beam Effects Space Charge Intra-Beam Scattering n ra   a   ca   r ng

Adoption
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By now Xsuite became a production tool for many beam dynamics studies, allowing development 
discontinuation for many legacy tools.
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Lively user base
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…

Users’ and developers’ response well beyond our expectations!

>30 contributors
>150 active users worldwide

>10% of all IPAC25 proceedings mention Xsuite
Accelerator schools (USPAS, CAS, JUAS) now use Xsuite in tutorials.

A lively community providing mutual support, advice, and lots of feedback to developers!

CERN
– AD
– ELENA
– LEIR
– PSB
– PS
– SPS, TI2, TI8
– LHC
– FCC-ee, FCC-hh
– Muon Collider

Fermilab
– Main injector
– Recycler
– Booster
– IOTA

GSI
– SIS-18
– SIS-100

BNL
– RHIC
– Booster
– EIC

J-PARC
– Main Ring
– KEK
– SuperKEKB

Light sources/damping rings:
– PETRA
– DESY injector ring
– ELETTRA
– BESSY III
– PSI SLS 2.0
– Canadian Light Source
– CLIC-DR

and more...

Medical facilities
– HIT (Heidelberg)
– MEDAUSTRON
– PIMMS
– NIMMS
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Xsuite capabilities overview
– Lattice design, optics design and calculation
– Field imperfections and misalignments
– Fringe fields, combined function-magnets, solenoids with overlapping multipolar fields

– Orbit and trajectory correction
– MAD-NG interface: compute non-linear maps, normal forms, RDTs
– RF-Track interface: track through field maps

Element-by-element simulation of the 
full LHC for 20 M turns: 
under 3 days simulation time on GPUs

– Particle-matter interaction (internal Everest engine + interfaces to FLUKA & GEANT4) 

– Synchrotron Radiation: mean & stochastic models

– Spin tracking and polarisation estimates

– Space charge: frozen and self-consistent PIC

– Wakefields: di- and quadrupolar, single- & multi bunch, multi-turn effects

– Beam-beam effects: weak- & strong-strong, analytic or PIC (new!), Beamstrahlung, 
Bhabha scattering

– Intra-Beam Scattering
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Example: Off-momentum loss map in the LHC
– Loss maps are performed regularly in the LHC to assess the efficiency of the collimation system
– Off-momentum loss maps are a special type, where the frequency of the RF cavities is swept

– Outcome is a longitudinal distribution of losses along the ring

– The simulation needs to combine many things: particle tracking through the lattice, while the RF frequency is dynamically 
adapted, taking care of particle-matter interactions whenever a particle hits a collimator
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In addition to being feature-co pl   , X     ’   ajor b n f             r-friendly interface.

To showcase this, we have prepared a set of demos.

These demo files are adapted from https://github.com/xsuite/tutorial_cern_seminar and are 
based on the PIMMS lattice (see CERN-PS-99-010-DI). 

Demo 1 – Lattice Design
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https://github.com/xsuite/tutorial_cern_seminar
https://cds.cern.ch/record/385378/
https://cds.cern.ch/record/385378/
https://cds.cern.ch/record/385378/
https://cds.cern.ch/record/385378/
https://cds.cern.ch/record/385378/
https://cds.cern.ch/record/385378/
https://cds.cern.ch/record/385378/
https://cds.cern.ch/record/385378/
https://cds.cern.ch/record/385378/
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These demo files are adapted from https://github.com/xsuite/tutorial_cern_seminar.

Demo 2 – Optics for slow extraction
12

https://github.com/xsuite/tutorial_cern_seminar
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These demo files are adapted from https://github.com/xsuite/tutorial_cern_seminar.

Demo 3 – Instability
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https://github.com/xsuite/tutorial_cern_seminar
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Thank you!
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