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Electron beam emittance and energy spread challenge

Ç Fundamental X-FEL thresholds:

Ç FEL Emittance criterion:

Ç FEL Energy spread criterion:

Ç Brightness crucial for FEL gain length:

State-of-the-art ~µm rad scale normalized emittance enÝ multi-GeV electron energies grequired to 

reach hard X-ray wavelengths lr

Need <0.01% relative energy spreads to satisfy Pierce parameter r for hard x-ray output

Ý100ós m scale undulator lengths to drivephoton field to saturation

Ç Key performance parameter is brightness, which also requires kA-level current I
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Plasmas wakefield accelerators: 100 GV/m fields, great also for ñplasma 

photocathodesò a.k.a. Trojan Horse

Hidding et al., Phys. Rev. Letters 108, 035001 (2012)

Ç Brightness transformer: Increase 

by factor up to 100000x

e-
e-

e-
e-
e-

e-

e-
e-

Ç Prospect for nm rad emittance; brightness 

many orders of magnitude beyond even state-

of-the-art X-FEL linacs
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Brightness reach of plasma photocathode
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PWFA-(X)FEL may boost capabilities

Ç Explore capability of Trojan Horse-generated ultrahigh brightness beams for X-FEL

GW-level 

power gain

1 fs-scale X-

ray pulse

~0.3% X-ray 

bandwidth at 5 Å

Ç FEL Emittance criterion:

Ç FEL Energy spread criterion:

Ç FEL gain length:

Ý10ós nmrad emittance allows to push towards harder X-ray wavelengths lr for low electron 

energies g

Ý Energy spread (e.g. <0.01%) suffices X-FEL Pierce parameter r

Ý Brightness Bboosts gain and allows saturation of photon field in 10 m vs. 100ós metres, may allow 

single spike sub-fs pulses
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STFC ñPWFA-FELò programme: 

ñExploratory Study of PWFA-FEL at CLARAò 2019-2023

Ç Strathclyde-ASTeC-CI-SLAC-UCLA collaboration, theory & 

simulation supporting exp. R&D at CLARA, SLAC, DESY etc.

Ý 100 m undulator length to drive photon field to saturation

Ç Recent breakthroughs: 

Ç G.G. Manahan, F. Habib et al., Nat. Comm. 8, 15705 (2017): 

concept to reduce energy spread to < 0.01% levels

Ç A. Deng, O. Karger et al., Nat. Phys. 8, 1156ï1160 (2019): 

proof-of-concept of plasma photocathode at SLAC FACET



SLAC FACET E-210: Trojan Horse

Proof-of-concept w/ 90Áinjector angle



Ultrabright

injected beam

E-210: Trojan Horse at FACET

E-310: Trojan Horse-II at FACET-II

With better precision and 

incoming beams, in larger 

blowout, in collinear geometry
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PWFA-FEL Roadmap

E-315: Plasma afterglow

E-311 Torch-II

1st laser-e-beam-plasma@CLARA

2011 Invention Plasma Photocathode

2017 Invention and proof -of -concept

Plasma Afterglow Metrology

2010 Invention

Hybrid LWFA ­PWFA

E-210: Plasma Photocathode Proof-of-concept

2019 Milestone@LMU

Invention Plasma Torch Density Downramp Injection

STFC ñPWFA-FELñ

E-210: 1st density downramp injection

Energy chirp control for ultrahigh 6D brightness

Start E-310-316 programme at FACET-II

5th gen.        

lab-scale 

ultrabright 

sub -fs hard   

x-ray sources

1st Trojan -based

X-FEL simulations

Proof-of-concept@HZDR

E-313 6D dechirper

E-316: Icarus

E-310 Trojan-II

Intense & stable LWFA­PWFA

Brightness preservation

Full plasma fingerprint
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Options to integrate future PWFA-(X)FEL into the UK X-FEL?

Ç Add-on as ~10 metre-scale energy & brightness transformer:

Ç Key performance parameter is brightness, which also requires kA-level current I

Ç E.g. ~3 GeV, ~5 kA, ~10 µmrad en, 20 fs in (can have 10ós % energy spread)

­ ~6 GeV, ~1 kA, ~10 nmrad en, sub-fs out
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Ultralow emittance, ultrahigh brightness electron beams useful for 

various applications

1³
100 000³

Ultrabright 

electron 

beam output

Inverse Compton scattering

Betatron radiation

Electron diffraction

High energy physics

X-FEL
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STFC ñPWFA-FELò programme 2019-2023
Workshops planned across (plasma) accelerator & photon science

GW-level 

power gain

1 fs-scale X-

ray pulse

~0.3% X-ray 

bandwidth at 5 Å

Sub-fs pulses?

Harder x-rays?

Extreme tunability?

Multicolor beams?

...
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Synergies linacs & lasers & plasma

PWFA-XFEL thrust, uses e -beam from (X -FEL) linac 

for energy & brightness boost

Incoherent 

undulator radiation, 

Betatron, ICS, 

potentially LWFA -

FEL

5th gen.        

lab-scale 

ultrabright 

coherent  

sub -fs hard   

x-ray sources

e.g. multi-

pulse LWFA

Plasma Photocathode

LWFA

Ç Lasers required at all ends: for preionization of PWFA stage, plasma photocathode(s), 

pump-probe, WDM, diagnostics 

Ç Laser-plasma-based diagnostics novel promising additions for beam metrology

Ç Co-location highly profitable



Summary

Ç PWFA and plasma photocathode may extend electron energy (factor 2-6) and brightness 

(4-5 orders of magnitude) in linac afterburner add-on configurations

Ç UK-led experimental R&D programmes at on Trojan-PWFA at FACET-II, CLARA, DESY 

Ç STFC ñPWFA-FELñ programme forward-looking support on theory and simulations

Ç By boosting electron energy and brightness, the X-FEL range could be substantially 

expanded 

Ç It may be prudent to add PWFA-FEL as a competitive edge for the UK X-FEL, 

anticipating that the brightness boost can be demonstrated

Ç In such anticipation, we are also looking into where at SLAC a PWFA-XFEL booster 

could be added/realized

Ç Hybrid LWFA­PWFA  could provide lab-scale solutions, LWFA e.g. via multi-pulse may 

provide direct pathways to FEL, already produces supportive light sources

Ç Strong synergies between e-beams and lasers, R&D e.g. at CLF, SCAPA can support the 

UK X-FEL mothership

Ç R&D aligned with Plasma Wakefield Accelerator Steering Committee (PWASC) roadmap



Electron brightness begets photon brightness  

Hidding: NeXource  8

Ç 6D electron brightness 100000³better Ý light sources with ultrahigh performance

Ç E.g. hard x-ray free-electron laser:

Á Ultrahigh gain in undulator, ~10 metre 

saturation length vs. 100ós of metres

Á Improve peak photon brilliance by at least two 

orders of magnitude 

Á Push towards higher photon energies

Á Attosecond photon beams: visualize electron 

motion in molecules on natural timescale

NeXource 
5th gen.?
NeXource
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Photon energy (eV)

WP5
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Concept of plasma photocathode-released ñescort beamò for chirp control

Tailored beam loading via escort bunch allows chirp control:
2013 - 2017

Allowed E-210 plasma photocathode proof-

of-concept, plasma torch density downramp 

proof-of-concept at FACET



SLAC FACET E-210: Trojan Horse

Proof-of-concept w/ 90Áinjector angle
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Concept of plasma photocathode-released ñescort beamò for chirp control

G.G. Manahan, F. Habib et al., Nat. Comm. 8, 15705 (2017)

Tailored beam loading via escort bunch allows chirp control:

unloaded loaded overloaded
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E-310: Trojan Horse-II

In combination with 

E-311: Plasma Torch

E-312: Dragon Tail

E-313: Multibunch Dechirper

E-314: Ion Collapse

E-315: Plasma Afterglow

E-316: Icarus

Manahan &Habib et al., Nat. Comm. 8, 15705 (2017)

Ç Ultralow emittance beams for HEP

Ç Ultrabright beams for photon science 

(UK-US STFC ñPWFA-FELñ project)



FACET-II PAC, 2018-10-10

Bernhard Hidding, Fahim Ahmad Habib et al.

Plasma-based hard X-Ray FEL 

with ultrahigh gain and sub-fs capability

Scottish Centre for the Application of Plasma-Based Accelerators SCAPA, 

Department of Physics, University of Strathclyde, 

Scottish Universities Physics Alliance SUPA, UK

Strathclyde Centre for Doctoral Training P-PALS

Plasma-based Particle and Light Sources http://ppals.phys.strath.ac.uk/

& The Cockcroft Institute
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GW-level 

power gain

1 fs-scale X-

ray pulse

~0.3% X-ray 

bandwidth at 5 Å

ñExploratory Study of PWFA-FEL at CLARAò

Ç STFC funded 2019-2023
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Spatiotemporal injection accuracy

Ç Recipes: a) measure & minimize absolute jitter of incoming pulses; b) increase blowout 

size (Deng, Karger et al., Nat. Phys. 2019, supplemental discussion)

Ç Bonus: operation at lower plasma densities reduces residual energy spread 

(Manahan & Habib et al., Nat. Comm. 8, 15705, 2017), and reduces requirements 

on driver beam (can in turn realize kickback by further increasing stability?)

Small blowout, large jitter:

Poor injection precision
Large blowout, small jitter:

Excellent injection precision (sub-%), and tunability?

Figure of merit c:      

laser precision/(lp)

33% at FACET



How precise does the spatiotemporal injection need to be?

Ç Once absolute spatiotemporal injection precision is known:

Ç Injection precision is dependent on size of the plasma wave, and absolute jitter 

of incoming laser and delectron beam Ý work at lower plasma densities

Ç E.g. 500 µm plasma wavelength, with 30 fs r.m.s. timing jitter (LCLS aims at 

<10 fs) and similar pointing accuracy, an injection precision of ~1% can be 

achieved 



FACET-II driver beam baseline parameters

FACET-II driver beam parameters at the IP (BP or further downstream):

Charge = 1.5 nC

Beam length rms = 30 um

Beam length max = 160 um

Beam peak current ~ 5.0 kA

Beam density= 9.3e+23 m^(-3)

Qtilde= 8.3

Mean Energy= 10 GeV

Energy deviation rms = 500 MeV

Energy spread rms = 5 %

Beam width Y rms = 4.4 um

Beam width Z rms = 4.4 um

Beam normalized emittance Y rms = 50 mu rad

Beam normalized emittance Z rms = 50 mu rad

Beam beta*~ 7.5 mm? FACET-II driver



Follow up: What does this mean for obtainable beam quality and stability (5D)?

Ç Sensitivity analysis done for 250 µm plasma wavelength: vary temporal 

desync. from 0-30 fs, misalignment from 0-10 µm, laser intensity a0 0-2%  

Resulting 5D brightness:

Note: X-FEL 5D brightness is at 1e12 level

ὄ
ςὍ

‭ȟ‭ȟ
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Ç Timing varied up to 30 fs in ~250 µm blowout (cº4%): excellent output beam stability!
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e-

e-

Transverse plasma photocathode release laser offset jitter study in 250 µm length blowout
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Output beam energy 

stability better than 1% 

(linac level)

5D brightness orders of 

magnitude better than 

todayós X-FELós

6D brightness orders of 

magnitude better than 

todayós X-FELós 

(estimated)



What does this mean for obtainable beam quality and stability (6D)?

Resulting 6D brightness:

Note: LCLS 6D brightness is at 1e16 level

"
Ὅ

‭ȟ‭ȟπȢρϷ"7
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GW-level 

power gain

1 fs-scale X-

ray pulse

~0.3% X-ray 

bandwidth at 5 Å

PWFA-FEL

Ç STFC funded 2019-2023



WP 2: Preliminary witness beam extraction

Habib / University of Strathclyde & SCAPA: 36

Ç Tailored plasma density at the exit

Ç ñescortò-bunch dechirping

Ç Emittance is preserved at the exit


