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The need for high energy particles has led to greatest machines in the world 

Photons: e.g.

Particles: e.g.

Diamond Light Source, 

Synchrotron, Oxfordshire, UK Linac Coherent Light Source, 

X-ray FEL, SLAC, USA

European X-Ray Free Electron 

Laser, Hamburg, Germany

ILC, FCC?LHC, 27 km circ.

560 m circ.



Facilities size is the result of limited accelerating electric fields 

• Huge particle energies are needed to resolve molecular and atomic structures 

• Accelerating electric fields in conventional accelerators are limited to the ~50 MV/m level, because of 

breakdown of accelerating cavity walls (Kilpatrick criterion*), involving production of “microplasmas”

• Energy gain W is given by the product of charge q, electric field E and acceleration length d: W= qEd

• As particle charge is constant and fields are limited, the only way to reach high particle energies is to 

increase the acceleration distance, i.e. the length of the (linear) accelerator d

*    “Criterion for Vacuum Sparking Designed to Include Both RF and DC”, W.D. Kilpatrick, 

Review of Scientific Instruments (1957)



Increasing the rf frequency increases the obtainable accelerating gradient* 
*true in first approximation up to ~X-band, one can go beyond Kilpatrick.. very complex physics.. 



Livingston plot: “Moore’s Law” for accelerators

Energy gain W= qEd

Here: As qE is fixed/limited, 

done by increasing the accelerator length d



e.g. Rutherford/Geiger 1911

World’s first particle accelerator experiment: Matter consists of electrons and ions

E. Rutherford, Phil. Mag. 21, 1911

First “particle acceleration” experiments:



„Plasma“

laola.desy.de



Rutherford/Geiger 1911

World’s first particle accelerator experiment:
Matter consists of electrons and ions

E. Rutherford, Phil. Mag. 21, 1911

CERN 1956

Future particle accelerators:
Accelerate particles via collective fields by 
separating electrons and ions in plasmas

Veksler, Budker, Fainberg, Proc. CERN Symp. High 
Energy Accelerators, 1956

UCLA 1979: LWFA

Produce transient charge separation in plasma 
via Laser Electron Accelerator
Tajima & Dawson, Phys. Rev. Letters 43, 1979

Prehistoric days: Plasma Wakefield Acceleration

Project Matterhorn

Description and computation of nonlinear plasma 
oscillations
J. Dawson, Phys. Rev. 113, 383, 1959

Stanford/UCLA 1985: PWFA

Acceleration of Electrons by the Interaction of a 
Bunched Electron Beam with a Plasma

Chen et al., Phys. Rev. Letters 54, 1985

Langmuir/Tonks 1928

“We shall use the name plasma to describe [a] region
containing balanced charges of ions and electrons”



Plasma: tens of GV/m+ acceleration gradients allow 

shrinking of accelerator to sub-meter scale (energy gain W=qED)



Multiple static metallic cavities 

w/ electric fields of ~50 MV/m

Single co-propagating plasma cavity 

w/ electric fields of ~50 GV/m

Shrinking accelerators from km to cm size



Indeed: Both LWFA (laser driven) and PWFA (electron beam driven) now routinely 

demonstrate multi-GeV energy gain  

LWFA

Wang et al., Nat. Comm.  2013

Leemans et al., PRL 2014

PWFA

Mangles et al. (UK), Geddes et al. (USA), 

Faure et al. (France), Nature 2004

Hidding et al., PRL 2006

Litos et al., Nature 2014

Blumenfeld et al., Nature 2007



Livingston plot: with plasma accelerators (ignoring beam quality etc.)



Indeed: Both LWFA and PWFA routinely demonstrate multi-GeV energy gain  

LWFA

Wang et al., Nat. Comm.  2013

Leemans et al., PRL 2014

PWFA

Mangles et al. (UK), Geddes et al. (USA), 

Faure et al. (France), Nature 2004

Hidding et al., PRL 2006

Litos et al., Nature 2014

Blumenfeld et al., Nature 2007

• Fantastic energy gains, increase of energy & beam quality by order 

of magnitude in a decade, ultrashort & high current (many kA), 

ongoing steady progress..

• But: stability, tunability, beam quality so far still limited

• Another game-changer is required..
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Hybrid LWFA & PWFA



Many similarities between PWFA “blowout” and LWFA “bubble” generation…

PWFA  

20 GV/m-20 GV/m

LWFA  

40 GV/m-40 GV/m

plasma density 

plasma wavelength

(i.e. blowout/bubble size)

plasma skin depth

dimensionless

beam charge
dimensionless

light amplitude

• PWFA: Chen et al. PRL 1985, Rosenzweig et al. PRL 1988, Rosenzweig et al. PRA 1990, Assmann et al. 

SLAC 1998, Blumenfeld et al. 2007, Litos et al. Nature 2014 

• LWFA: Tajima & Dawson PRL 1979, Clayton et al. PRL 1990, Pukhov & MtV ABP 2002, 

Faure/Mangles/Geddes et al. Nature 2004, Leemans et al. PRL 2014  

a plasma-CLIC
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Plasma wake excitation

• 1D nonlinear model in co-moving frame (quasi-static approximation):

• longitudinal electric field Ez and electrostatic potential  are similar for PWFA and LWFA

• Detailed lecture on this e.g. in Nadjmudin‘s talk. Script see on SCDT webpage:  

Poisson
e-beam laser
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http://ppals.phys.strath.ac.uk/ tools&links

http://ppals.phys.strath.ac.uk/


… but also profound differences: unipolar (PWFA) vs. oscillating (LWFA) fields 

PWFA LWFA  
+12 TV/m

-12 TV/m

+17 GV/m

-17 GV/m

Coulomb force ponderomotive force

while accelerating 

plasma fields are similar

Intuitively clear: you want 

unidirectional fields to 

expel electrons off axis

 PWFA more efficient to excite plasma wave, LWFA much better to generate plasma



considerable ionization yield
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Ionization processes: SPI/MPI, impact ionization, Tunneling, BSI

• No single photon ionization (SPI) at typical laser frequencies: h << i (ionization potential)  

• Keldysh parameter: k << 1 tunneling ionization dominates; 

k >> 1 MPI dominates. For 800 nm laser wavelength and 

intensities sufficient to ionize He, MPI negligible.

For example H2: i  15.4 eV, H: i  13.6 eV, He: i  24.6 eV

• Impact ionization by electron drive beam negligible:

At higher harmonics (400 nm, 233 nm etc.), MPI is important and Yudin-Ivanov model should be used  

• ADK tunneling ionization rates:

• At even higher 

intensities, Barrier 

Suppression Ionization



… also profound differences: beam expansion (PWFA) vs. diffraction (LWFA)

PWFA

Rayleigh lengthBetatron length

Both laser and  electron beam 

expands hyperbolically, but 

 PWFA allows orders of magnitude longer acc. distances w/o any tricks (guiding etc.),

LWFA allows to interact in very confined volume 

LWFA  

Electron/photon density needs to stay 

intense over long acceleration distance

Ti:Sa laser (0.8 µm)



… also profound differences: dephasing

PWFA

Electron beam(s) moves with c

 PWFA allows orders of magnitude longer acc. distances w/o dephasing, while 

dephasing can help make bunches “monoenergetic” w/ LWFA

 LWFA allows for easier self-injection, while PWFA in turn easily dark current free 

LWFA  

Electrons to be accelerated need to stay in proper phase of plasma wave

Laser beam moves with 

group velocity in plasma
 witness bunch stays in proper 

phase and harnesses max. acc. fields
 witness bunch moves forward, samples 

different field regions and reaches  

dephasing limit after distance No dark current: self injection 

difficult  because wake moves fast: 

γwake = γdriver = 104 e.g. for 10 GeV 

drive beam  Self injection / dark current easy because

γwake = γlaser  10-100 for typical densities  



ionization @~1014 W/cm2 (easy)

bubble @~1018 W/cm2 (hard)

Hidding et al., J. Phys. B 47, 

special x-ray issue 2014

 Electron bunches: drive plasma wave efficiently due to unidirectional fields

 Lasers w/ oscillating field structure only able to drive plasmas due to ponderomotive force

 Lasers can easily ionize matter, because of diffraction can do so in very confined area 

 Electron bunches can be produced with very high rep rate from state-of-the-art sources

 Electron bunches are not good for ionizing matter

 Electron bunches move with c, allow for dephasing-free accelerator systems

 No dark current in PWFA systems because of high gamma

 Electron bunches are stiff: don’t expand much transversally (limited diffraction) – long acc. distances

ionization if Er > 5 GV/m (hard)

blowout if nb > ne (easy)

LWFA vs PWFA summarized

 Electron bunches are better plasma drivers, laser pulses great for injection!
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Injection and trapping

Where is trapping the easiest?

Right in center of the blowout: an electron 

released there always sees accelerating 

fields, and can catch up with the plasma 

wave most easily.

Great spot to release electrons for injection 

– but how to put them there?

• Trapping: accelerating electrons must catch up with wave so that electron  wave = p

• If electrons initially at rest, trapping condition: wake electrostatic potential energy 

kinetic energy the electrons need to gain   

Hamiltonian of electron in 

electromagnetic field: 
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Relativistic identities

Lorentz factor:

In contrast:  phase velocity of plasma wave p driven 

by laser pulse is the group velocity of laser pulse, 

which is plasma electron density-dependent  



Trojan Horse: Underdense Plasma Photocathode & Wakefield Acceleration

Step 1

• Electron beam driver sets up dephasing free, dark current free plasma cavity in 

low-ionization threshold (LIT) plasma such as hydrogen (ξi  13.6 eV)

• A high-ionization threshold (HIT) gas is present such as Helium (ξi  24.6 eV), not 

ionized by driver nor wake (density can be tuned independently of LIT density)



Take the best of both worlds: Hybrid Plasma Acceleration

Step 2

• A synchronized, low intensity laser pulse is focused strongly to the HIT 

level, releases He electrons in confined volume at arbitrary position

• Tune released He electrons (i.e. charge) with He density, a0, w0, , τ, 

polarization, focus shape… 



Take the best of both worlds: Hybrid Plasma Acceleration

Step 3

• Released He electrons fall behind but are compressed and trapped in ideal phase

• Ultracold electrons are rapidly accelerated (mitigating space charge effects) and 

are accelerated as long as driver can excite plasma wave 



Why witness bunches ultracold?

Laser kick contrib. to norm. emittance: 

residual momentum

source size

crude scaling

• Because the laser pulse intensity is 4 orders of magnitude 

lower than in LWFA!  a0=0.018 instead of a0>1

• Because the initial phase space volume is low

• Because the electrons are rapidly accelerated (space charge 

impact decreases as γ-2) 

• Because initial ion shielding by released He ions   

B. Hidding et al., PRL 108, 035001, 2012,Y. Xi et al., PRSTAB 2013, DE patent 2011, US patent 2012

 normalized emittance 

n down to 10-9 m rad

72 GV/m

-72 GV/m

Refined scalings: C. Schroeder et al., 

PRSTAB 17, 101301, 2014, Y. Xi et  

al., PRSTAB 2013
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Ponderomotive force and phase mixing

(laser polarization)



 Ionization based on ADK and YI (Yudin-

Ivanov-model). G. L. Yudin and M. Y. Ivanov, 

Phys. Rev. A, 64:013409, 2001.

 Detailed numero-analytical analysis shows 

that n,y is about an order of magnitude lower, 

and increases slower than n,x as intensity 

increases. n,y down to the n,y  10-9 m rad 

level or less. 

PIC simulation results d’accord with hybrid model
Y. Xi et al., PRSTAB, 2013


x


y

kykx

Laser linearly polarized in x-direction:

n,y smaller than n,x due to absence of ponderomotive motion

plasma 

velocity 

bunching



Similarities and differences of plasma photocathodes to rf photocathodes 

RF photoinjector plasma photocathode

beam emittance 

sources

RF field ponderomotive motion

thermal effects phase mixing 

space charge space charge

In state-of-the-art rf photoguns, typically charges of 0.1-1 nC are released by lasers with spot 

sizes of the order of 1 mm. This leads to space charges  1-10 MV/m – a substantial fraction of the 

acc. field of ~100 MV/m. (J. Luiten, Int. J. Modern Physics A 22, 3882-3897, 2007)

Acc. and focusing fields in plasma are two orders of magnitude larger!  

 Tunability: Neglecting high laser frequencies, the released charge can be approximated by

residual momentum due to laser kick

electrons released at different betatron 

phases

approx. 0.5 mm mrad in standard photocathodes

Note that plasma density np(HIT) such as He, can be 

independently tunable of np(LIT) such as H!

Rough estimate when operating 

at ionization threshold: cylinder 

with Rayleigh length Exactly: integrated over ionization rates
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Ultrahigh 5D brightness of TH mechanism

Ultracold electrons from plasma photocathode 

produce normalized emittance orders of 

magnitude lower than state-of-the-art

 Allows 5D brightness many 

orders of magnitude brighter than 

state-of-the-art

Emittance and brightness are key 

parameters which enable/determine 

performance in applications such as 

HEP (luminosity) or light sources 

(e.g. gain in FEL)



Hybrid Trojan Horse-based Future XFEL facility?
w/ M. Hogan (SLAC)  et al., 5th Generation Light Source Workshop, 2013



FACET – the premier facility for PWFA

Timeline:

– CD-0 2008

– CD-4 2012, Commissioning (2011)

– Experimental program (2012-2016)

A National User Facility: 

– Externally reviewed experimental program

– >200 Users, 25 experiments, 8 months/year operation

Key PWFA Milestones: 

✓Mono-energetic e- acceleration

✓High efficiency e- acceleration (Nature 515, Nov. 2014)

✓First high-gradient e+ PWFA (Nature 524, Aug. 2015)

3

4

20GeV, 3nC, 20µm3, e- & e+20GeV, 3nC, 20µm3, e- & e+

“E210:  Trojan Horse PWFA“ experiment approved in 2011

E210: Multi-institutional, cross-continental collaboration of 

academia (Strathclyde—UCLA—Hamburg—Oslo—Texas—

Boulder), research centers (SLAC—DESY) and industry 

(RadiaBeam—Tech-X—Radiasoft)

E210 Trojan Horse Experiment at

PI‘s B. Hidding (Strathclyde) & J.B. Rosenzweig (UCLA)
2012-2017, experiments at FACET ramping up from 2013-2016
Supported e.g. by Beam Brightness Transformer for Laser-Wakefield Accelerators DOE R&D program, RadiaBeam Technologies 2012-2016, 

EuPRAXIA WP14 etc.
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2012 at FACET: use hot alkali metal vapor, self-ionized by driver beam
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2013/14: 

Ti:Sapphire commissioning, optical pre-ionization of (noble) gas
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2013/14: 

Commissioning of electro-optical sampling based time-of-arrival diagnostics, 

separate air compressor to allow for independently tunable beams
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2015: Add Trojan Horse plasma photocathode laser 

(in 90° geometry)
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2016: Full E210 setup with two independently tunable main laser arms, up to 5 

laser beams (1 preionization, 2 EOS, 1 Trojan photocathode, 1 E224 probing) 

from vacuum and air compressor, and SLAC linac electron beam

Spatiotemporal alignment of beams is a key challenge
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Spatiotemporal alignment of beams is a key challenge:

Preionization laser pulse and electron beam 
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Prospect for tunable bunches with ultralow 

emittance and ultrahigh 5D-brightness is 

great, but

The energy spread challenge

Energy spread is a big problem, can be showstopper for FEL, for example. 

New approach to reduce energy spread by two orders of magnitude is needed!
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Path is open to ultralow TH emittance and ultrahigh 5D-brightness, but energy 

spread may destroy beam quality during extraction & transport 

 showstopper e.g. for FEL

“the energy spread&chirp problem“: 

‘steep‘ price to be paid for ultrahigh energy gradients.

How to get rid of energy chirp/spread, how to generate ultrahigh 6D 

brightness bunches?



43

Concept of TH-released “escort beam” 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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Works at any energy:

Energy and energy spread control
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Residual energy scaling:

Residual energy spread scaling

Generalized:

The residual energy spread scaling 

suggests the use of low plasma (LIT) 

densities.

Similar trend as in LWFA (energy 

gain vs. dephasing), but for 

completely different reasons
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Emittance & brightness and energy 

spread is combined into 6D brightness:

Ultrahigh 6D brightness

Comparison with state-of-the-art accelerator 

systems reveals increase by orders  of magnitude 

of 6D brightness! 
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Emittance & brightness and energy 

spread is combined into 6D brightness:

Photon science: FEL



Energy spread compensation and ultrahigh 6D brightness: NeXource project

• TH mechanism for ultralow emittance and unprecedented 5D-brightness

• However, substantial correlated energy spread (chirp) is side-effect of GV/m fields

• New chirp compensation technique NeXource allows to remove correlated energy spread and 

generate ultrahigh 6D-brightness beams (reduction of energy spread by 2 orders of magnitude)

• This is a key step towards key applications such as 5th 

generation light sources

• E.g. for the race towards plasma-based FEL which is a 

main driver in the worldwide community: Beat Pierce 

parameter, fulfil  Pellegrini criterion, and harness 

ultrahigh gain to realise compact hard x-ray FELs    

• Preliminary start-to-end simulations look extremely 

exciting 
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preliminary start-to-end simulations:

4.45 angstrom,  bandwidth ~ 0.1% , saturation power  35 GW 

FWHM pulse duration sub-fs

Ultrahigh 6D-brightness: enabling 5th generation light sources

Embargoed –

publication pending



Make concept compact: Use LWFA output for PWFA

500 MeV linac: Still big machine

Compact option for EuPRAXIA: generate PWFA driver beams via LWFA 

(and then spike it with TH)



Make concept compact: Use LWFA output for PWFA

Experiments FSU Jena: use laser remnant from  LWFA  stage to preionize H2, 

but not He in PWFA stage (i.e. 2nd gas jet), Kuschel et al: PRAB 2016 

Joint WP14 campaign(s) at HZDR Dresden, promising results as regards plasma lensing and bunch deceleration 

Chou.. Karsch et al., “Collective deceleration“, PRL 2016

“Hybrid energy doubling“

PRL 104, 195002, 2010
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Beam quality transformation and stabilization

• Excellent trapped witness charge stability 

< 1%, independent of drive beam over 

350-600 pC range 

drive bunchwitness bunch

longitudinal electric field

Driver:

x=y=z= 7 µm 

Q = 400 to 600 pC

 = 500 to 2000

/ = 10% to 40%

n = 2.25  10-6 mrad

Witness:

xyz 0.6 µm 

Q  7.3 pC

  610 after  9 mm 

/  2.5% 

n  2.4  10-8 mrad

B5D  3.7  1019 A/m2rad2

preionized Hydrogen-Neon mixture:

LIT: H and Ne @ ne = 1.5  1017 cm-3

HIT: Ne+ @ ne = 9  1016 cm-3

TH laser: a0 = 0.041, w0 = 5 µm,  = 25 fs, 

 = 800 nm

need to take into account MPI via Yudin-Ivanov model if working at 

elevated laser frequencies, see, Y. Xi et al, PRSTAB 2013 

https://www.txcorp.com/vsim
https://www.txcorp.com/vsim
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Witness energy and / resilience vs. jitter of driver energy and spread

• Drive beam electron energy varied from 

E = 250-1000 MeV (conservative 

choice given that 4 GeV+ has already 

been reached in experiments)

• Witness energy stable on (sub) %-level, 

only 250 MeV driver case leads to 

reduced final energy. Need to cap 

plasma at desired working point (trade-

off energy stability vs. max. energy)

• Reason combination of depletion and 

driver beam longitudinal lengthening 

drive bunchwitness bunch

longitudinal electric field

Driver:

x=y=z= 7 µm 

Q = 400 to 600 pC

 = 500 to 2000

/ = 10% to 40%

n = 2.25  10-6 mrad

Witness:

xyz 0.6 µm 

Q  7.3 pC

  610 after  9 mm 

/  2.5% 

n  2.4  10-8 mrad

B5D  3.7  10-19 A/m2rad2

drive beam smears 

out first in low 

energy case
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• Energy spread ~2.5% in all cases, even 

if driver has / of tens of % (here: 

uncorrelated)

• Note: this is the low energy limiting 

=500 case, at higher energies driver 

degradation is reduced and stability and 

energy gain is increased

drive bunchwitness bunch

longitudinal electric field

Driver:

x=y=z= 7 µm 

Q = 400 to 600 pC

 = 500 to 2000

/ = 10% to 40%

n = 2.25  10-6 mrad

Witness:

xyz 0.6 µm 

Q  7.3 pC

  610 after  9 mm 

/  2.5% 

n  2.4  10-8 mrad

B5D  3.7  10-19 A/m2rad2

/ =30%

/ = 10%
/ = 20%

/ =40%

Witness energy and / resilience vs. jitter of driver energy and spread

..to be published
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• Hybrid plasma acceleration:  make the best out of two worlds and combine LWFA 

and PWFA features

• Use Trojan Horse plasma photocathode method to produce controllable bunches 

with emittance and 5D-brightness orders of magnitude better then state-of-the-art 

(first successful experiments at SLAC FACET)

• Combine Trojan Horse technique with dechirper and produce 6D brightness beams 

orders of magnitude better, beat Pellegrini, Pierce at same time (theory but doability 

easier than Trojan Horse). No experiments yet

• Use LWFA  output  (high current etc.) for driving PWFA‘s and make system really 

compact (first encouraging experiments) 

Summary
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Backup



Take the best of both worlds: Hybrid Plasma Acceleration (Trojan Horse prehistory)

• Sequential combination: 

Use double bunches generated via LWFA (e.g. by injection 

into multiple buckets) as driver/witness pairs in 

subsequent, dephasing-free PWFA stage

• 2008/2009: much better mode would be to have the laser pulse at minimal intensity (a0<< 1), so 

that released electrons are “still” and remain still inside the blowout  “Trojan horse acc.”, originally 

considered for presentation at AAC 2010 in Kardamili, Greece (sic!)

• “Superimposed” interaction: 

2008: Laser-driven bubble in a beam-driven blowout? (“Matryoshka acc..”)

Hybrid energy 

doubling, PRL 104, 

195002, 2010

Ultracold electron 

bunch generation 

aka Trojan Horse, 

PRL 108, 035001, 

2012



5th Generation Light Sources…

Bremsstrahlung

1st

Synchrotron 

radiation

2nd

Undulator 

radiation

3rd

Free-Electron-

Laser

4th

4D, ultrahard, 

compact?

5th

…need a 4th Generation Electron Source

10’s of MV/m fields, 

thermionic cathode 

(e.g. SLAC)

1st

10’s of MV/m fields, 

photocathode

(e.g. FLASH, LCLS, XFEL)

2nd

10’s of GV/m fields in 

plasmas 

(LWFA and PWFA)

3rd

10’s of GV/m fields in 

plasmas & underdense 

photocathode PWFA

4th
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Export Trojan


