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Particle accelerators
F. Pannell, Upgrading the magnetic spectrometer for electron bunch emittance and energy measurements at AWAKE | 2

Designing a Particle Accelerator

The Large Hadron Collider
CERN

When designing the shape of a particle accelerator, you generally have two choices:

The Stanford Linear Collider
SLAC

27 km circumference synchrotron
6.5 TeV proton bunches

3.2 km long linear accelerator
50 GeV electron/positron bunches

Circular Linear

Image sources: CERN & SLAC
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• The use of (large) 
accelerators has been crucial to 
advances in particle physics. 

• Accelerators using RF cavities 
limited to ~100 MV/m; high 
energies → long accelerators.

Higgs boson

Limits of current accelerator technology
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Use novel accelerator technology

Tens of km long

Plasma

Few km long



Plasma wakefield acceleration — how and why ?
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DESY. Page 24

Overall Efficiency in PWFA
Contributions to overall efficiency

1. Wall plug to driver beam,

2. Driver energy depletion in plasma,

• Very high driver depletion:
• Possible with shaped driver current profiles,

• Ultimately limited by re-acceleration.

3. Plasma-to-trailing-bunch (witness) transfer 
efficiency.

| FLASHForward: towards plasma-based energy booster | Judita Beinortaitė

Efficiency transfer in PWFA.
Image courtesy: Richard D’Arcy, Alberto Martinez de la Ossa

• Plasma electrons disturbed by 
incoming particle/laser beam. 

• Plasma ions remain ~static. 
• Bubble-like structure of +ive and 

–ive charge density. 
• Oscillation of plasma electrons 

creates strong electric fields. 
• Longitudinal fields can accelerate 

witness bunch of electrons.

Plasma wakefield acceleration is a promising technique to realise shorter 
of higher energy particle accelerators.



Plasma wakefield acceleration landscape
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• Can use lasers, electron or proton bunches to drive wakefields. 
• Accelerating gradients of 100 GV/m have been achieved but need: 

- Small energy spread; 
- High repetition rate and high bunch charge; 
- Efficient and highly reproducible beam; 
- Small beam sizes. 

• Lots going on worldwide, e.g. FACET, CLARA, AWAKE, APOLLON, BELLA, 
KALDERA, ELI, Shanghai, etc. 

• One of the accelerator R&D areas in European particle physics roadmap.

FLASHForward‣‣: electron-driven plasma wakefield accelerator at DESY 
addressing these challenges.
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FLASHFORWARD‣‣: THE FACILITY

Page 5| Felipe Peña | FLASHForward update | EAAC 2023 Photo: Google earth

FLASHForward‣‣ at DESY

PETRA III
6 GeV
↻ 2300 m

FLASH
1.35 GeV
→ 315 m

European X-FEL
17.5 GeV
→ 3400 m

FLASHForward
PWFA research

Diagram: Felipe Peña
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FLASHFORWARD‣‣: THE FACILITY

Diagram: Felipe Peña

DESY. Page 11

FLASHForward‣‣ Facility
FLASH Free Electron Laser User Facility – unique conditions for PWFA testbed

| FLASHForward: towards plasma-based energy booster | Judita Beinortaitė

σE = 0.05% RMSQ = 1 nC
εx.y = 𝒪(1) μm

Δt2-bunch = 0.77 ns
fburst = 3 MHz

High stability with feedback systems.

S. Schreiber and B. Faatz, The free-electron laser FLASH, 
High Power Laser Science and Engineering, 3 (2015)

FLASH Free Electron User Facility — unique conditions for plasma 
wakefield acceleration testbed.
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FLASHFORWARD‣‣: BEAMLINE

Diagram: Felipe Peña Page 7| Felipe Peña | FLASHForward update | EAAC 2023

FLASHForward Facility

[1]Energy collimator [2]Plasma cell

electrons

Electron spectrometer

Diagram courtesy: P. González Caminal
[1] P. Muggli, et al. Phys. Rev. Lett. 101, 054801 (2008); S. Schröder et al., J. Phys. Conf. Ser. 1596, 012002 (2020)
[2] J. M. Garland et al., Rev. Sci. Instrum. 92, 013505 (2021)
[3] P. González Caminal, PhD Thesis; B. Marchetti et al., Scientific Reports 11, 3560 (2021)

Transverse deflecting structure [3]

DESY. Page 14

FLASHForward Facility
PWFA beamline

S. Wesch | Status of the PWFA experiment FLASHForward | EPS-HEP 2023 | Hamburg, Germany

electrons

Argon gasTrailing &

Driving 
bunches

Energy collimator Plasma cell Electron spectrometer

J. M. Garland et al., Rev. Sci. Instrum. 92, 
013505 (2021)

P. González Caminal et al., "Beam-Based Commissioning 
of a Novel X-Band Transverse Deflection Structure with 

Variable Polarization“, to be submitted

S. Schröder et al., J. Phys. Conf. Ser. 1596, 
012002 (2020)

diagram courtesy P. González Caminal

courtesy J. Beinortaitė
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FLASHFORWARD‣‣: BEAMLINE

Diagram: Felipe Peña Page 7| Felipe Peña | FLASHForward update | EAAC 2023

FLASHForward Facility

[1]Energy collimator [2]Plasma cell

electrons

Electron spectrometer

Diagram courtesy: P. González Caminal
[1] P. Muggli, et al. Phys. Rev. Lett. 101, 054801 (2008); S. Schröder et al., J. Phys. Conf. Ser. 1596, 012002 (2020)
[2] J. M. Garland et al., Rev. Sci. Instrum. 92, 013505 (2021)
[3] P. González Caminal, PhD Thesis; B. Marchetti et al., Scientific Reports 11, 3560 (2021)

Transverse deflecting structure [3]
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FLASHForward Facility
PWFA beamline

S. Wesch | Status of the PWFA experiment FLASHForward | EPS-HEP 2023 | Hamburg, Germany

electrons

Argon gasTrailing &

Driving 
bunches

Energy collimator Plasma cell Electron spectrometer

J. M. Garland et al., Rev. Sci. Instrum. 92, 
013505 (2021)

P. González Caminal et al., "Beam-Based Commissioning 
of a Novel X-Band Transverse Deflection Structure with 

Variable Polarization“, to be submitted

S. Schröder et al., J. Phys. Conf. Ser. 1596, 
012002 (2020)

diagram courtesy P. González Caminal

courtesy J. Beinortaitė
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FLASHFORWARD‣‣: BEAMLINE

Diagram: Felipe Peña Page 7| Felipe Peña | FLASHForward update | EAAC 2023

FLASHForward Facility

[1]Energy collimator [2]Plasma cell

electrons

Electron spectrometer

Diagram courtesy: P. González Caminal
[1] P. Muggli, et al. Phys. Rev. Lett. 101, 054801 (2008); S. Schröder et al., J. Phys. Conf. Ser. 1596, 012002 (2020)
[2] J. M. Garland et al., Rev. Sci. Instrum. 92, 013505 (2021)
[3] P. González Caminal, PhD Thesis; B. Marchetti et al., Scientific Reports 11, 3560 (2021)

Transverse deflecting structure [3]
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FLASHForward Facility
PWFA beamline

S. Wesch | Status of the PWFA experiment FLASHForward | EPS-HEP 2023 | Hamburg, Germany

electrons

Argon gasTrailing &

Driving 
bunches

Energy collimator Plasma cell Electron spectrometer

J. M. Garland et al., Rev. Sci. Instrum. 92, 
013505 (2021)

P. González Caminal et al., "Beam-Based Commissioning 
of a Novel X-Band Transverse Deflection Structure with 

Variable Polarization“, to be submitted

S. Schröder et al., J. Phys. Conf. Ser. 1596, 
012002 (2020)

diagram courtesy P. González Caminal

courtesy J. Beinortaitė
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Develop a self-consistent plasma-accelerator stage 
with high quality, high efficiency and high average power at 1 GV/m

High beam quality 
Low energy spread 

Emittance preservation

High efficiency 
Driver depletion 

Plasma-to-witness 
efficiency

High average power 
Rapid recovery time 
High repetition rate

R. D’Arcy et al., Phil. Trans. Roy. Soc. A 377 (2019) 20180392 
https://forward.desy.de/

All combined with >1 GV/m with energy gain as large as possible and as 
stable as possible.

FLASHFORWARD‣‣: GOALS

https://forward.desy.de/
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First Steps Towards High-repetition Rate in PWFA
Recovery time of a plasma-wakefield accelerator

| FLASHForward: towards plasma-based energy booster | Judita Beinortaitė
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Example result: recovery time of plasma

Page 24| Felipe Peña | FLASHForward update | EAAC 2023

Plasma can recover within 63 ns

1

3

Diagram and image courtesy: J. Beinortaitė
[1] R. D’Arcy et al., Nature 603, 58-62 (2022)

63 ns[1]

Trailing 
bunch

Driver

Accelerated bunch on the 
energy spectrometer

˃ Measured recovery is specific to FLASHForward 
parameters (argon)

˃ In principle, demonstration of 𝒪(10) MHz repetition rate

Poster
Monday 19:00
J. Beinortaitė

63 ns

R. D’Arcy et al., 
Nature 603 (2022) 58

• Perturbed plasma recovers in 63 ns. 
• In principle, demonstration of O (10 MHz) repetition rate

How soon after acceleration can we accelerate another bunch in the same 
plasma ?
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Backup
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Preserving beam quality

C. Lindstrøm et al., “Preservation of beam quality in a plasma-
wakefield accelerator”, preprint: doi.org/10.21203/rs.3.rs-2300900/v1

• Emittance remains the same — beam quality preserved DESY. Page 35

Preserving Beam Quality at FLASHForward‣‣
Preservation of beam quality in plasma-wakefield accelerator

| FLASHForward: towards plasma-based energy booster | Judita Beinortaitė

Result

• 3 um emittance preservation in 50 mm 
plasma with peak 1.4 GV/m.

• 100% charge coupling (40 pC).

• Preserved energy spread.

• → 3D brightness in the horizontal plane 
preserved.

C. A. Lindstrøm et al., preprint in Research Square, 
DOI: 10.21203/rs.3.rs-2300900/v1 (2022)

Simulations

• Scale up to 750 mm plasma →  energy 
doubling with emittance preservation.

• 6D, both longitudinal and vertical, 
brightness also preserved.

• Using a 50 mm long 
plasma: 
- Accelerating field 

~1 GV/m 
- 100% charge 

coupling (40 pC) 
- Preserved energy 

spread (0.1% 
FWHM) 

• We want a small, controlled and reproducible beam — preserve beam quality 
during acceleration.

http://doi.org/10.21203/rs.3.rs-2300900/v1


Very recent highlights
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Max FLASH energy

• 250 MeV gain in 195 
mm cell 

• Exceeding maximum 
FLASH energy 

• To measure efficiency.

• New plasma cell development, 
500 mm 

• Aim for > 0.5 GeV energy gain.


