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Downramp trapping in PWFA for generating low emittance beams
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• E304 experiment at FACET-II, SLAC National Accelerator Laboratory

• Goals:
- Generating low-emittance

beams using density
downramp injection in a
plasma wakefield accelerator 

Zhang et al., Nat. Comms. 16, 10719 (2025)



Energy Booster – Plasma Wakefield Acceleration (PWFA)
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• PWFA in the non-linear blowout regime
- Drive bunch    → expels plasma e- and transfers energy to wake
- Trailing bunch → e- bunch located at back of the bubble are both focused and accelerated

- Accelerating gradients ~10’s to 100’s GV/m
- Strong focusing force for e-

• Energy transformer from
drive to trailing bunch

DriveTrailing

August 20, 2026         Doug Storey |  LINAC’26  |  Beam energy and brightness PWFA booster



Brightness Booster – Density Downramp Injection
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• Injection of high-quality electron bunches 
through tailored plasma density profile
- Injected with dimensions << plasma wavelength
- Accelerated to relativistic energy very quickly

Xu et al., PRAB 20, 111303 (2017)
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FACET-II – A facility for precision PWFA studies
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• Experiments performed at the FACET-II National User Facility
• 10 GeV linac for PWFA studies

- Single or double bunches from a new RF photo-injector
- RF linac and bunch compressors for precise control of longitudinal phase space
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FACET-II provides 10 GeV beams for PWFA studies
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Single or double bunches at 10 GeV
𝒪(10𝜇m) emittance, 𝒪(100kA) peak currents

SLAC National Accelerator Laboratory

FACET-II Technical Design Report SLAC-R-1072 
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Plasma-wakefield energy and brightness booster
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• Meter-scale static fill H2 gas, with H2 gas jet
• 10 GeV driver, 1.6 nC

• Three stage brightness booster:
Stage 1: Plasma lens
Stage 2: Density downramp injection
Stage 3: Plasma Accelerator
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Plasma-wakefield energy and brightness booster
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• Meter-scale static fill H2 gas, with H2 gas jet
• 10 GeV driver, 1.6 nC

• Three stage brightness booster:
Stage 1: Plasma lens
Stage 2: Density downramp injection
Stage 3: Plasma Accelerator

Gas-jet in static fill

10 GeV Driver

Gas jet

Density
downramp

~2.8m
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Plasma-wakefield energy and brightness booster
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• Meter-scale static fill H2 gas, with H2 gas jet
• 10 GeV driver, 1.6 nC

• Three stage brightness booster:
Stage 1: Plasma lens
Stage 2: Density downramp injection
Stage 3: Plasma Accelerator
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High transformer ratio acceleration of the injected bunch
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• 10 GeV incoming electron bunch
- Charge: 𝑄𝐷 = 1.6 nC
- Emittance: 𝜖𝑛,𝑥 = 23 mm mrad

- Energy spread: 𝜎𝐸 = 0.5%

- Current: 𝐼𝑝𝑒𝑎𝑘 ~ 8 kA

• Outgoing beams:
- Injected charge: 𝑄𝑊 up to ~40 pC
- Accelerated to 20 to 30 GeV

Plasma injected bunches accelerated up to 30 GeV 
with transformer ratio greater than 2
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𝑇𝑟𝑎𝑛𝑠𝑓𝑜𝑟𝑚𝑒𝑟 𝑅𝑎𝑡𝑖𝑜 =
Δ𝐸𝑇
Δ𝐸𝐷



Direct measurement of emittance and energy spectra
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• Outgoing beams:
- Injected charge: 𝑄𝑊 up to ~40 pC
- Accelerated to 20 to 30 GeV
- Projected emittance: 𝜖𝑛,𝑥 < ~2 mm mrad

- Low divergence, but resolution limited 
emittance measurement

• No direct measurement of beam current
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Reconstructing longitudinal phase space from measured energy spectra 
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• A precise model for PWFA enables the reconstruction of the injected bunch’s current 
profile: 

The injected charge must be distributed to load the wake such that the resulting energy spectrum 
matches the measured one
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Lu et al., PRST-AB (2007)
Dalichaouch et al., Phys. Plasmas (2021) 



Indirect reconstruction of the longitudinal phase space
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• Use the measured energy spectrum to infer the current profile from a physics informed model 
of the plasma acceleration process

Brightness of injected bunches boosted by greater than an order of magnitude over the incoming bunch

𝐵𝑛 =
2𝐼𝑝𝑒𝑎𝑘

𝜖𝑛
2
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Increasing the stability and control of injection
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• Replace meter-scale plasma with a
15cm gas jet
- Controlled acceleration length
- Does not rely on pre-plasma lens section
- Multi-GeV acceleration
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Generation of pre-bunched beams via modulated density downramp
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• Use laser ionization induced plasma 
grating to modulate the density 
downramp

• Injected beam bunches at ~500 nm 
spacing

Xu et al., Nat. Comms. 13, 3364 (2022)
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Application 1 - Brightness booster for light sources
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• Brightness boosted beams can be used directly for light source applications
• Further bunch compression of chirped injected bunch → attosecond-scale bunch lengths

- Generate attosecond x-ray pulses with mJ energies in shorter undulators

z

Eb

Chicane

Plasma injection

z

Eb

C. Emma, Experimental Generation of Extreme Electron 
Beams for Advanced Accelerator Applications
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Application 2 - Plasma Acceleration via Regenerative Cascading
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• TeV-scale PWFA-based linacs require many (10’s to 100’s) of stages

 Beam-driven PWFA collider  Laser-driven LWFA collider

HALHF – Hybrid 
Asymmetric Linear 
Higgs Facility  

Adli et al., Snowmass (2013) Schroeder et al., JINST 18, T06001 (2023)

Foster et al., Phys. Open 23, 100261 (2025)
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Staging for high energy plasma accelerators
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• Conventional staging
- Same witness transported and 

accelerated in many stages
- Challenges:
• Alignment, synchronization
• Emittance degradation

- Energy scaling: Linear addition

• Plasma Acceleration via 
Regenerative Cascading
- Self-injected witness in each 

stage
- Brightness boosted
- Energy scaling: Multiplicative

Zhang and Joshi, arXiv:2607.07979v1 (2026)
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TeV beams in two stages – Stage 1: 45 GeV → 400 GeV
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• Start-to-end PIC simulation
- Modelled using OSIRIS (injection) and QPAD 

(acceleration)

• Stage 1:
- 45 GeV, 100 nC drive bunch
- Current profile shaped for high transformer ratio
- 785m long 4×1013 cm-3 plasma with a density 

downramp

• Output:
- 400 GeV, 2.3 nC, 2.4 kA witness beam
- Transformer ratio of 10
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Interstage compression of the stage 1 injected bunch
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• Large energy chirp of injected bunch
- Compression to 50 µm with negligible emittance growth
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TeV beams in two stages – Stage 2: 400 GeV → 1 TeV
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• Start-to-end PIC simulation
- Modelled using OSIRIS (injection) and QPAD 

(acceleration)

• Stage 2:
- 400 GeV, 2.3 nC, 47kA drive bunch
- 40m long 1e17 cm-3 plasma with density downramp

• Output:
- 1.1 TeV, 0.12 nC beam with 0.3% energy spread
- Low energy spread due to wake evolution
- Transformer ratio of ~3
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Summary
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• Demonstration of a PWFA beam brightness and energy booster
• Brightness boosted by over an order of magnitude

• Future work:
- Focus on stability and control of the injection and acceleration process
- Measurement of sub-µm emittance
- Production of pre-bunched beams via modulated density downramp injection
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