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High-Quality Multi-GeV Electron Beams Driven by LPAs 
Critical for advanced light sources at DESY

Compact X-Ray Free Electron Laser Driver
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Plasma Injector for PETRA IV Synchrotron

Figure: Alberto de la Ossa

Friday @ 11:30 am, Plenary - Sergey Antipov
“Simulations of the Plasma Injector for PETRA IV”

[1]  I. Agapov et al., PETRA IV Plasma Injector CDR 10.3204/PUBDB-2024-06078 (2025)



Plasma Sources
For high-quality multi-GeV electron beams

Tunability
High-level of process control

Controlled Injection
Within the plasma waveguide

Plasma Waveguide
Extended interaction length

Material Robustness

Beamline integration

Thermal Management

Vacuum Load



Optically Tailored Plasma Sources
Hydrodynamically generated structures suitable for waveguiding and for electron injection

hot plasma column expanded HOFI waveguide

~ ns

shockwave

Low-Density Hydrodynamic Optical-Field-Ionised
Plasma Waveguides [1,2]
- Plasma column field ionised and heated by fs laser
- Expanding plasma drives shock into surrounding gas
- Generates radial density profile suitable for guiding
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Wednesday @ 18:20, Sala Bonarparte 1 – Anna Puchert
“Laser Pulse Tailoring for HOFI Waveguide Generation”



Controlling Electron Injection
Within Optically Formed Plasma Waveguides
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A density transition can facilitate generation of
low-energy spread beams 
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Bubble Dynamics Within a Plasma Channel
Radial Electron Density Profile Strongly Influences Bubble Length 
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laser intensity

What Decreases 
Bubble Length

axial density

spot size

channel curvature

[1]  W. Lu et al., PR-STAB 10, 061301 (2007)
[2]  J. Thomas et al., POP 23, 053108 (2016) 

axial density

curvaturechannel depth

“channel radius”

Bubble Dynamics Can be Controlled By Radial Density Tailoring

channel radius



Waveguide Constriction for Promoting Localized Injection
Generated through the collision of hydrodynamic shocks
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Plasma Expansion / Interaction

HOFI 
Waveguide

Constricted Injection 
Region

Waveguide 
modified locally

axicon formed 
plasma

helical lens formed 
plasma

Plasma Formation
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Bayesian Optimization
Plasma source formation + injection / acceleration

Start-to-End Simulation Framework
For Studying Multi-GeV Electron Acceleration from Optical Plasma Sources
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[1]   M. Mewes et al., Phys Rev Res. 5 033112 (2023)

& analytics

Neutral Gas Profile
Simulation of Gas Cell

Laser Pulse Shaping
Plasma tailoring beams

Ionization
Plasma density & temp.

Hydrodynamics
Custom module

Plasma Acceleration
Injection and acceleration

Laser Handshake
https://github.com/LASY-org/LASY
https://github.com/ECP-WarpX/WarpX
https://github.com/fbpic/fbpic
https://github.com/AngelFP/Wake-T
https://github.com/optimas-org/optimas

Open Source
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Tuesday @ Now, Sala Elena – Maxence Thévenet
“Mainstreaming Start-to-End Realistic Simulations in Plasma 

Accelerator Research”

Wednesday @ Poster Session – Rob Shalloo
“LASY – Laser Manipulation Made Easy”



Creating a Constricted Waveguide
Performed with an experimentally benchmarked hydro code [1]
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2D cylindrical geometry (r-z)

fs ps ns µs

Electron 
Acceleration

Injection structure 
tailoring

Waveguide 
formation

hydrogen

HOFI 
Waveguide

Constricted 
Injection 
Region

Tunability
High-level of process control

Laser focusing geometry
Laser wavelength
Gas species
Evolution timescales
etc.
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Injection in a Constricted Waveguide
Localized injection within the waveguide constriction
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- Injection facilitated by elongation of bubble as laser 
leaves constricted plasma region

- Laser and plasma profile evolving during injection

- Dynamics complex and competing effects are difficult 
to isolate
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Distinct from pinched channel injection betatron source[1]



Why Does the Bubble Elongate? 
Isolating contributions of laser pulse and plasma profile to bubble elongation
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Finite Difference Approach Based on Quasistatic PIC

- LASY used to isolate laser pulse at each FBPIC time 
step

- Plasma response for consecutive plasma profiles 
calculated using Wake-T 
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increasing time steps



Why Does the Bubble Elongate? 
Investigating the Speed of the Back of the Plasma Bubble
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- Impact of laser and plasma evolution on bubble 
isolated

- Sum of changes from laser and plasma match 
total speed of back of bubble

- Bubble speed measured in wake-t matches 
FBPIC up until significant charge is injected
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Dominant contribution to bubble 
elongation comes from plasma structure 
evolution



Generation of High-Quality Electron Beams
With a ~0.4J Laser System
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Charge:  5.9 pC
Energy Spread (MAD): 0.9 %
Emittance:  < 1 µm

Total Electron Density Electron Beam Evolution Final Beam
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Generation of High-Quality Electron Beams
With a ~1.5J Laser System
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Summary
And Outlook

Implications / Outlook

- Charge is modest, but could be enhanced with addition 
of dopant

- Radial density profile should be considered as part of 
injection dynamics eg. design of future PETRA IV 
Plasma Injector

New method of controlling injection into a plasma 
waveguide proposed

- Based on waveguide constriction from colliding shocks
- Injection occurs due to rapidly evolving waveguide structure
- Tunability enabled through different timescales of key processes

Start to End Simulations

- Hydrodynamic structure formation
- Injection and acceleration of high-quality beams up to ~GeV level

Check out our Paper on arXiv
R. J. Shalloo et al., arXiv 2410.15937 (2024)



*  Now at University of Oxford
** Now at Lawrence Berkeley National Laboratory
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