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Research Group for Plasma Wakefield Accelerators

2

Linear Accelerator Research Subdivision, High-Energy Physics Department

FLASHForward‣‣

> Laser-driven plasma wakefield acceleration (LWFA)

> Beam-driven plasma wakefield acceleration (PWFA)

> Ultrafast e--beam characterization 
in collaboration with B. Schmidt’s group at DESY

> Plasma-target and diagnostics development

> High-intensity laser science and synchronization to accelerators 
in collaboration with H. Schlarb’s group at DESY

> Plasma theory and simulations
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Outline

> Plasma accelerator projects at DESY 

> What is plasma and plasma acceleration 

> Plasma acceleration at FLASH 
> Mission and goals 
> Laser vs. beam-driven 
> Beam transport to FLASHForward 
> Different beam injection schemes 
> Mediated beam release 
> Beam capturing and diagnostics 
> Laser and preparation laboratories 

> Summary and conclusion

3

http://plasma.desy.de
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Deutsches Elektronen-Synchrotron DESY
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The DESY mission: 
develop and utilize particle accelerators 
for the study of the structure of matter
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Accelerators at DESY, Hamburg
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The DESY mission: 
develop and utilize particle accelerators 
for the study of the structure of matter

European X-FEL 
17.5 GeV

FLASH 1.25 GeV
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The LAOLA. collaboration and its plasma-wakefield strategy

5

2012 2013 2014 2015 2016 2017 2018

las
er

 d
riv

en
be

am
 d

riv
en

LUX: undulator and FEL photon sources

LAOLA@REGAE: low-energy external injection

SINBAD: ARD distributed test facility at DESY

FLASHForward: injection techniques and FEL proof-of-principle

LAOLA@PITZ: low-energy self-modulation and multi-bunches

2020+

preparation installation operationPhases

http://plasma.desy.de


Lucas Schaper |  plasma.desy.de  |  New Particle Physics Facilities Seminar |  4 June 2015  |  Page 00LAOLA.

The LAOLA. collaboration and its plasma-wakefield strategy

5

2012 2013 2014 2015 2016 2017 2018

las
er

 d
riv

en
be

am
 d

riv
en

LUX: undulator and FEL photon sources

LAOLA@REGAE: low-energy external injection

SINBAD: ARD distributed test facility at DESY

FLASHForward: injection techniques and FEL proof-of-principle

LAOLA@PITZ: low-energy self-modulation and multi-bunches

2020+

preparation installation operationPhases

http://plasma.desy.de


Lucas Schaper |  plasma.desy.de  |  New Particle Physics Facilities Seminar |  4 June 2015  |  Page 00 

States of matter

6

1.1 Plasma and Its History  
  

2 

system energy including the energy consumed by phase transitions is increasing from left 

to right. 
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Figure 1.1: States of matter and their transitions with increasing internal system energy from left to 
right. 
 
The description of the transition from gas to plasma as a phase transition is based on the 

differences from plasmas to gases which, apart from conductivity, are that plasmas 

consist (in the case of a pure gas) not only of one group of particles and that the 

interaction processes is plasmas are not limited to two-body reactions (low percentage on 

three body reactions in gases compared to plasmas). In addition to these interactions 

wave and long range effects due to the charged particles interactions occur. Also plasma 

shows characteristic behaviour like quasi neutrality and collective behaviour which is not 

observed in gases and shall be explained in the following. 

1.1.1 What Defines Plasma 
In plasmas processes take place which make them behave different from gases. Some of 

these processes are of major importance for the definition and characterization of 

plasmas. This begins with the concept of temperature on which some of the other 

definitions are based. 

1.1.1.1 The Concept of Temperature 
In plasma the concept of temperature is quite important. Different species in the plasma 

can hereby have different temperatures, in especially the temperature of heavy particles 

(ions and neutrals) can differ from the temperature of the lighter electrons. In general the 

concept of temperature is based on statistics, meaning that a sufficiently large sample size 

recombination

increasing internal energy

recombination
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> plasma most abundant state in universe (visible?) 

> most manufacturing processes involve plasmas 

http://plasma.desy.de
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What is a plasma?

7

Gas:
> Atoms, molecules 

> No order 

> no strong intermolecular forces

http://plasma.desy.de
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What is a plasma?

7

Gas:
> Atoms, molecules 

> No order 

> no strong intermolecular forces

Plasma:
> Charged particles (electrons, ions) 

> macroscopically quasi neutral 

> Coulomb interaction 

> particles show collective behaviour 

> conductive

Energy

radicals

molecules

charged
particles

excited species
metastables

radiation

http://plasma.desy.de
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 Conventional vs plasma based accelerators

8

c0 c0

> field strength:	20 - 50 MV/m   
(limited by breakdown) 

> length scale:	 m to km   

> Fixed cavity structure “filled” with RF 
accelerating fields

Conventional accelerators (e.g. FLASH)

Plasma based accelerators
> field strength:	10 - 1000 GV/m  

> length scale:	 cm to m   

> accelerating fields “follow” the 
drive beam 

> crucial parameter for plasma 
acceleration: electron density 

> plasma wavelength 

> field gradient

http://plasma.desy.de
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Standard FLASH beams well suited as plasma-wake drivers

9

λp ∝ np
-1/2 (~100 μm)

witness electron beams much shorter

Standard FLASH 2 beam: 2.5 kA peak current, 50 fs long, 10 µm focus 
size, 1.2 GeV, 0.1% energy spread, 1 µm normalized transverse emittance

> High-current-density particle beam 
- pushes away plasma electrons by space-charge field 

(ions are too heavy, hardly move) 
- creates electron-depleted cavity,  

sets up charge separation 
> Strong electrostatic fields pull back plasma electrons 
> Electrons oscillate and create co-propagating wakefield

> Strong accelerating fields of > 10 GV/m are generated 
> Conventional accelerators: Field <50 MeV/m

3D OSIRIS PIC simulation

3D particle-in-cell (PIC
) sim

ulation

http://plasma.desy.de
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Mission and goals of the FLASHForward‣‣ project

10

Mission > To demonstrate the potential of beam-driven plasma wakefield accelerators 
for the production of high-quality electron beams supporting free-electron 
laser operation as a first step towards future high-energy physics applications

Scientific goals
> Characterization of externally injected electron beams and their 

release with energies > 1.6 GeV 

> Exploration of novel in-plasma whitnes-bunch generation to 
energies > 1.6 GeV 
Also:  < 100 nm transverse normalized emittance,  
	 ~1 fs duration and  
	 > 1 kA current electron bunches 

> Transformer ratios of 2 and beyond yielding energies > 4.0 GeV

Phase I 
(2016+)

http://plasma.desy.de
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Also:  < 100 nm transverse normalized emittance,  
	 ~1 fs duration and  
	 > 1 kA current electron bunches 

> Transformer ratios of 2 and beyond yielding energies > 4.0 GeV

Phase I 
(2016+)

Phase II 
(2018+)

> first demonstration of FEL gain with above beams at few 
nanometer wavelength-scale
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Beam-driven acceleration compared to laser-driven schemes

11

> Particle beams may be produced at high average power (up to MWs) for high-luminosity applications 
- < 100 W average power of state-of-the-art TW to PW laser technology 

> Particle-beam production is efficient (~10 % from the wall plug) 
- ≪ 1 % wall-plug efficiency for high-intensity lasers 

> Driver-beam stability (≪ 1 %) 
- best high-power lasers fluctuate ~1% in intensity 

> No dephasing of plasma wakefield and electron beam 
- laser pulse velocity less than c, electrons outrun wake 

> Diffraction lengths longer than energy depletion scales for beams of µm normalized emittance  
- diffraction length of laser pulse shorter than depletion distances → limits witness beam energy
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> Requires a large conventional accelerator
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→ FLASH

Bunch 
Compressors!

Soft X-ray 
Undulators!

sFLASH!

5 MeV! 150 MeV! 450 MeV! 1250 MeV!

Accelerating Structures!Diagnostics!

FEL 
Experiments!

RF stations!

LOLA!
RF Gun!
Laser!

Photon 
Diagnostics!

Beam Dump!

3rd 
harmonics!
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FLASHForward‣‣ : New beam-line attached to FLASH

Future-oriented wakefield-accelerator research and development at FLASH

Conceptual design close to finished, technical design / procurement started 
Operation to start in ~2016, run for 4 years+

12

FLASH 1 FEL

FLASH 2 FEL
Extraction Differential 

pumping

Driver dump

Beam diagnostics section

Laser/plasma 
photon diagnostics

Pl
as

m
a 

ta
rg

et
4 fs, 100 µJ + 25 TW

Probe/ionization lasers

Beam matching and focussing section

TDS (optional)
Witness dump

Witness 
dump

Undulator (2018+)

X-ray diagnostics

FLASH accelerator

~80 m
Beamline scheme

Phase I
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also: multi bunch excitation

Smith Purcell detector 
(I. Konoplev)

undulator-based  
beam diagnostic 

(R. Bartolini)
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Lattice design for extraction and final focus section complete

13
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Beamline optimized for

> R16 ≈ 0 m, R166 ≈ 0 m (trans. disp.) 
> R26 ≈ 0 rad, R266 ≈ 0 rad (trans. ang. disp.) 
> final focus: radius < 8 µm, 

orbit jitter < 10 µm, pointing jitter < 0.5 mrad 
> R12 and R22 such that jitter specifications are 

fulfilled with ΔB/B ≈ 10-4 kicker fluctuations 
> Tunable R56 (long. disp.) between -0.5 and 0.4 cm 

> Concept: C.Behrens, J.Zemella, M.Scholz (MPY) 
> Technical coordination: K.Ludwig (FLA)
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Lattice design for extraction and final focus section complete
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fulfilled with ΔB/B ≈ 10-4 kicker fluctuations 
> Tunable R56 (long. disp.) between -0.5 and 0.4 cm 
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> Technical coordination: K.Ludwig (FLA)
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Lattice design for extraction and final focus section complete
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> R16 ≈ 0 m, R166 ≈ 0 m (trans. disp.) 
> R26 ≈ 0 rad, R266 ≈ 0 rad (trans. ang. disp.) 
> final focus: radius < 8 µm, 

orbit jitter < 10 µm, pointing jitter < 0.5 mrad 
> R12 and R22 such that jitter specifications are 

fulfilled with ΔB/B ≈ 10-4 kicker fluctuations 
> Tunable R56 (long. disp.) between -0.5 and 0.4 cm 

> Concept: C.Behrens, J.Zemella, M.Scholz (MPY) 
> Technical coordination: K.Ludwig (FLA)
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Tunable R56 in extraction dogleg for optimized peak current

15

> Beams from FLASH at entrance of FLASHForward are close to 
maximum compression 

> CSR in FLASHForward extraction section creates chirp

> Our strategy: compress the beam core for high peak current by 
- tuning R56 along the extraction beamline 
- tuning the RF-phase (not optimimized here) 

> Further work

- RF-phase parameter needs to be included in optimization 
- high-current mode needs to be examined at the interaction point 

including space charge effects
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A collimator in the dispersive section can remove the wings

16
Christopher Behrens  |  FLASHForward: Status of beamline design |  December 9, 2014, Hamburg  |  5 

Compression with variable longitudinal dispersion

8

+- 4mm1. order transverse dispersion

R16 = D < 0

R16 = D = 0R16 = D < 0

x ~ D·ΔE : using a collimator for beam shaping 

collimation

cut
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Controlled witness-bunches

17

> Quality of accelerated beam strongly linked to control over initial population of wake-phase space at injection 
> Required: Plasma target structures with sufficient flexibility 

> External:	 witness generation at photo gun by second laser pulse   
	 and transport through accelerator to plasma cell                
	 → 	first successful double bunch generation experiments performed                
	 → 	staging, emittance evolution                   

adjustable
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> Internal: 	 density-down-ramp injection   
	 → 	J. Grebenyuk et al., NIM A 740, 246 (2014)                    
	 → 	injection on density downslope                    
	 →	 demonstrated in LWFA, new concept to PWFA                    

Controlled witness-bunches

17

> Quality of accelerated beam strongly linked to control over initial population of wake-phase space at injection 
> Required: Plasma target structures with sufficient flexibility 

> External:	 witness generation at photo gun by second laser pulse   
	 and transport through accelerator to plasma cell                
	 → 	first successful double bunch generation experiments performed                
	 → 	staging, emittance evolution                   
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> Internal: 	 density-down-ramp injection   
	 → 	J. Grebenyuk et al., NIM A 740, 246 (2014)                    
	 → 	injection on density downslope                    
	 →	 demonstrated in LWFA, new concept to PWFA                    

Controlled witness-bunches

17

> Quality of accelerated beam strongly linked to control over initial population of wake-phase space at injection 
> Required: Plasma target structures with sufficient flexibility 

> External:	 witness generation at photo gun by second laser pulse   
	 and transport through accelerator to plasma cell                
	 → 	first successful double bunch generation experiments performed                
	 → 	staging, emittance evolution                   

adjustable

> IB ≳	
  1kA
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> Internal: 	 density-down-ramp injection   
	 → 	J. Grebenyuk et al., NIM A 740, 246 (2014) 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> Internal: 	 density-down-ramp injection   
	 → 	J. Grebenyuk et al., NIM A 740, 246 (2014)                    
	 → 	injection on density downslope                    
	 →	 demonstrated in LWFA, new concept to PWFA                    

Controlled witness-bunches

17

> Quality of accelerated beam strongly linked to control over initial population of wake-phase space at injection 
> Required: Plasma target structures with sufficient flexibility 

> Internal: 	 laser-triggered ionization injection (“Trojan Horse”)   
	 with fs-scale synchronized injection laser                 
	 → B. Hidding et al., Phys. Rev. Lett. 108, 035001 (2012)                    
	 → 	ultra small emittance (~ nm )                    
	 → 	few fs synchronization required → FLASH                    

> External:	 witness generation at photo gun by second laser pulse   
	 and transport through accelerator to plasma cell                
	 → 	first successful double bunch generation experiments performed                
	 → 	staging, emittance evolution                   
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> Internal: 	 density-down-ramp injection   
	 → 	J. Grebenyuk et al., NIM A 740, 246 (2014)                    
	 → 	injection on density downslope                    
	 →	 demonstrated in LWFA, new concept to PWFA                    

Controlled witness-bunches

17

> Quality of accelerated beam strongly linked to control over initial population of wake-phase space at injection 
> Required: Plasma target structures with sufficient flexibility 

> Internal: 	 laser-triggered ionization injection (“Trojan Horse”)   
	 with fs-scale synchronized injection laser                 
	 → B. Hidding et al., Phys. Rev. Lett. 108, 035001 (2012)                    
	 → 	ultra small emittance (~ nm )                    
	 → 	few fs synchronization required → FLASH                    

> External:	 witness generation at photo gun by second laser pulse   
	 and transport through accelerator to plasma cell                
	 → 	first successful double bunch generation experiments performed                
	 → 	staging, emittance evolution                   

adjustable

> IB ≳	
  1kA n(
z)

z

> IB ≳	
  5kA
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> Internal: 	 density-down-ramp injection   
	 → 	J. Grebenyuk et al., NIM A 740, 246 (2014)                    
	 → 	injection on density downslope                    
	 →	 demonstrated in LWFA, new concept to PWFA                    
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> Quality of accelerated beam strongly linked to control over initial population of wake-phase space at injection 
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> Internal: 	 laser-triggered ionization injection (“Trojan Horse”)  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> Internal: 	 density-down-ramp injection   
	 → 	J. Grebenyuk et al., NIM A 740, 246 (2014)                    
	 → 	injection on density downslope                    
	 →	 demonstrated in LWFA, new concept to PWFA                    

> Internal: 	 beam and wakefield-triggered ionization injection  
	 → 	A. Martinez de la Ossa et al., Phys. Rev. Lett. 111, 245003 (2013);                
	 		 A. Martinez de la Ossa et al., NIM A 740, 231 (2014)                         
	 → 	sub-fs bunches, kA current, sub µm emittance 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> Quality of accelerated beam strongly linked to control over initial population of wake-phase space at injection 
> Required: Plasma target structures with sufficient flexibility 

> Internal: 	 laser-triggered ionization injection (“Trojan Horse”)   
	 with fs-scale synchronized injection laser                 
	 → B. Hidding et al., Phys. Rev. Lett. 108, 035001 (2012)                    
	 → 	ultra small emittance (~ nm )                    
	 → 	few fs synchronization required → FLASH                    

> External:	 witness generation at photo gun by second laser pulse  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> Internal: 	 density-down-ramp injection   
	 → 	J. Grebenyuk et al., NIM A 740, 246 (2014)                    
	 → 	injection on density downslope                    
	 →	 demonstrated in LWFA, new concept to PWFA                    

> Internal: 	 beam and wakefield-triggered ionization injection  
	 → 	A. Martinez de la Ossa et al., Phys. Rev. Lett. 111, 245003 (2013);                
	 		 A. Martinez de la Ossa et al., NIM A 740, 231 (2014)                         
	 → 	sub-fs bunches, kA current, sub µm emittance                    

Controlled witness-bunches

17

> Quality of accelerated beam strongly linked to control over initial population of wake-phase space at injection 
> Required: Plasma target structures with sufficient flexibility 

> Internal: 	 laser-triggered ionization injection (“Trojan Horse”)   
	 with fs-scale synchronized injection laser                 
	 → B. Hidding et al., Phys. Rev. Lett. 108, 035001 (2012)                    
	 → 	ultra small emittance (~ nm )                    
	 → 	few fs synchronization required → FLASH                    

> External:	 witness generation at photo gun by second laser pulse   
	 and transport through accelerator to plasma cell                
	 → 	first successful double bunch generation experiments performed                
	 → 	staging, emittance evolution                   

adjustable
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z)

z

> IB ≳	
  5kA n(
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z

> IB ≳	
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> Internal: 	 density-down-ramp injection   
	 → 	J. Grebenyuk et al., NIM A 740, 246 (2014)                    
	 → 	injection on density downslope 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> Internal: 	 beam and wakefield-triggered ionization injection 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> Quality of accelerated beam strongly linked to control over initial population of wake-phase space at injection 
> Required: Plasma target structures with sufficient flexibility 

> Internal: 	 laser-triggered ionization injection (“Trojan Horse”)   
	 with fs-scale synchronized injection laser                 
	 → B. Hidding et al., Phys. Rev. Lett. 108, 035001 (2012)                    
	 → 	ultra small emittance (~ nm )                    
	 → 	few fs synchronization required → FLASH                    

> External:	 witness generation at photo gun by second laser pulse   
	 and transport through accelerator to plasma cell                
	 → 	first successful double bunch generation experiments performed                
	 → 	staging, emittance evolution                   
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> Internal: 	 density-down-ramp injection  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> Internal: 	 density-down-ramp injection   
	 → 	J. Grebenyuk et al., NIM A 740, 246 (2014)                    
	 → 	injection on density downslope                    
	 →	 demonstrated in LWFA, new concept to PWFA                    

> Internal: 	 beam and wakefield-triggered ionization injection  
	 → 	A. Martinez de la Ossa et al., Phys. Rev. Lett. 111, 245003 (2013); 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> Quality of accelerated beam strongly linked to control over initial population of wake-phase space at injection 
> Required: Plasma target structures with sufficient flexibility 

> Internal: 	 laser-triggered ionization injection (“Trojan Horse”)   
	 with fs-scale synchronized injection laser                 
	 → B. Hidding et al., Phys. Rev. Lett. 108, 035001 (2012)                    
	 → 	ultra small emittance (~ nm )                    
	 → 	few fs synchronization required → FLASH                    

> External:	 witness generation at photo gun by second laser pulse   
	 and transport through accelerator to plasma cell                
	 → 	first successful double bunch generation experiments performed                
	 → 	staging, emittance evolution                   
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3D particle-in-cell (PIC
) sim

ulation
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External beam injection: Precursor to full staging 
	 	 	 - A challenge to preserve beam emittance
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Electron self-injection

The effects taking place when focusing a relativistic laser pulse into underdense plasma not
only enable relativistic electron acceleration due to high longitudinal fields, but inherently
provide the mechanism of the electron placement in the accelerating phase of the wakefield.
This inherent injection is called self-injection.

Different mechanisms for self-injection or self-trapping of electrons in the accelerating phase
of the wake exist. The one-dimensional fluid theory cannot provide a full description but the
understanding for some of these mechanisms.

The energy of an electron in presence of the vector potential a(ξ) of a laser pulse and the
scalar potential φ(ξ) induced by a plasma wave in accordance to the one-dimensional fluid
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External beam injection: Precursor to full staging 
	 	 	 - A challenge to preserve beam emittance
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Electron self-injection

The effects taking place when focusing a relativistic laser pulse into underdense plasma not
only enable relativistic electron acceleration due to high longitudinal fields, but inherently
provide the mechanism of the electron placement in the accelerating phase of the wakefield.
This inherent injection is called self-injection.

Different mechanisms for self-injection or self-trapping of electrons in the accelerating phase
of the wake exist. The one-dimensional fluid theory cannot provide a full description but the
understanding for some of these mechanisms.

The energy of an electron in presence of the vector potential a(ξ) of a laser pulse and the
scalar potential φ(ξ) induced by a plasma wave in accordance to the one-dimensional fluid
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External beam injection: Precursor to full staging 
	 	 	 - A challenge to preserve beam emittance

19

T. Mehrling et al., Phys. Rev. STAB 15, 111303 (2012)

Total betatron phase mixing length
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Matching conditions

> Significant phase mixing occurs up to 
~TeV energies within acceleration length 
(with plasma density 1017 cm-3, quasi-linear wake, λ = 800 nm) 

> Matching sections between stages require 
significant space with conventional technology plasma optics to maintain average gradient?
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3D particle-in-cell (PIC
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injection

acceleration

position (arb. units)

Density down-ramp injection for 
controlled electron beam generation in a PWFA

20

> demonstrated to work in LWFA, new concept for PWFA 
> first experiments planned at FACET E-215 
→ lessons learned will help to optimize experiment at FLASH 

> simple: no injection laser necessary, just tailored plasma target 
> injection occurs on density down-slope 

S. Bulanov et al., Phys. Rev. E 58, R5257 (1998)

Δl
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injection

acceleration

position (arb. units)

Challenges for 20 cm-scale down-ramp injection simulations

21

Computational challenge 
> 20 cm-scale acceleration with ~100 nm spatial resolution 
> capture physics of trapping → full PIC required 
> cost: ~M core hours with full PIC

Δl
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HiPACE - a highly efficient plasma accelerator emulation 
> 3D quasi-static particle-in-cell code 
> fully parallelized and well scalable (tested up to 1024 cores) 
> dynamic time-step adjustment 
> allows orders-of-magnitude speedup for FLASHForward-type simulations vs. full PIC 
> interfaces seamlessly with OSIRIS

developed in collaboration  
between DESY and LBNL

> T. Mehrling et al., PPCF 56, 084012 (2014)

Challenges for 20 cm-scale down-ramp injection simulations

21
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> capture physics of trapping → full PIC required 
> cost: ~M core hours with full PIC
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Density down-ramp injection produces  
low-transverse-emittance witness beams

22
0 20 40 60

time [fs]

Can such beams drive an FEL?

Δl

→ J. Grebenyuk et al., NIM A 740, 246 (2014)

Witness-beam parameters after 140 mm of propagation

- standard FLASH driver beam at 2.5 kA 
- witness beam at 1.5 GeV with 1.0 GeV driver 
- further acceleration to ~2.5 GeV possible 
- projected normalized transverse emittance < 0.5 µm 
- strong longitudinal correlation
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Beams from density down-ramp injection 
show significant FEL gain in GENESIS simulations

23

3D OSIRIS particle-in-cell simulation

0 20 40 60
time [fs]

3D time-dependent GENESIS simulation

- part of beam matched 

through FLASH-type undulators 
- gain length 1.7 m 
- FEL signal at 3 nm ± 1 nm

shot-noise level: 103 W

→ simulations by C. Behrens
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Laser-triggered ionization injection 
for controlling electron trapping
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He fraction, thus giving rise to He electrons at an arbitrary
position within the Li blowout.

Figure 1 shows fully explicit 2D Cartesian particle-in-
cell simulation results obtained with the parallel VORPAL

framework [25]. The moving window simulation box size
was 110! ! in the longitudinal direction with a cell length
down to !=16 in order to resolve the laser wavelength !,
and in the transverse direction 110! ! at a cell width
down to !=8 to resolve the witness bunch width. The
simulation uses third order particle shapes and ADK tun-
neling ionization.

The driver electron beam (driver density is color coded
black and white) has transverse and longitudinal dimen-
sions "r ¼ 5 #m, "z ¼ 7 #m rms, a charge of Q #
300 pC at an energy of W ¼ 200 MeV, with a notable
energy spread of !W ¼ 10%. Such a beam has a trans-
verse electric field of ErðrÞ ¼ Q=½ð2$Þ3=2"z%0r'!
½1( expð( r2=ð2"2

rÞÞ', peaking at Er;max # 27 GV=m.
This is enough to field-ionize Li effectively, while not
sufficient to liberate He electrons by the same mechanism
[26]. With a maximal Li electron density of neðLiÞ ¼
3:3! 1017 cm(3 and a beam density nb¼Q=½ð2$Þ3=2!
e"2

r"z'#6:6!1017 cm(3, a moderate blowout is driven
with a plasma wavelength of !pðLiÞ # 60 #m. The maxi-
mum accelerating field observed in the simulation reaches
Ez # 50 GV=m, near to the classical wave breaking limit
EWB ¼ 2$mec

2=ðe!pÞ. Here, the electric field magnitude
is plotted, rendering visible not only the blowout, but also
the laser pulse which is linearly polarized in the simulation
plane.

The laser pulse moves collinearly with the driver beam
(in an experimental scenario, focused by a flat or parabolic
mirror with a hole created for drive beam passage), with a
focal (vacuum) waist of w0 ¼ 4 #m at a longitudinal

coordinate of z ¼ 132 #m. Here, both the Li and He gas
density reach a flat maximum, after having been ramped up
linearly. In Fig. 1, the laser pulse has already passed its
focal point, is defocusing, and its intensity has just dropped
below the He ionization threshold. The He electrons which
have been previously released by ionization are plotted
with color coded energy. A large fraction of the He elec-
trons has already gained relativistic longitudinal momen-
tum pz=m0 ¼ &vz and therefore is trapped, traveling with
sufficient velocity to remain in the PWFA cavity. As a
result of an interplay between upramping Li and He gas
densities neðLiÞ and neðHeÞ [and therefore a decreasing
plasma wavelength !pðLiÞ, leading to contracting Li blow-
out region], the relative position of released He electrons
within the Li blowout, and their integrated acceleration
history

R
dEzdz varies. This is reflected by varying longi-

tudinal normalized He electron momenta, ranging from
pz=m0 ¼ &vz # 16:2! 108 m=s down to a few counter-
propagating electrons &vz # (1:8! 108 m=s. The simul-
taneous effects of the electron momentum distribution,
relative position, and collective radial electric field exerted
by the Li blowout electrons are responsible for the double-
pinch He electron beam structure in the snapshot.
Figure 2 illustrates the injection and trapping process in

more detail via snapshots of the field magnitude E and the
He electron macroparticles and energy in the longitudinal
direction as a result of the Li based wakefield driven by the
electron beam. In Fig. 2(a), the laser pulse is converging,
not yet having reached its focal point z ¼ 132 #m, and is
not yet intense enough to initiate ionization. But as seen in
2(b), after <20 #m further propagation, the electric field
amplitude has gained another 3 GV=m, enough to ionize

FIG. 1 (color online). Results from a VORPAL [25] simulation
show how an electron driver ionizes Li gas and generates a Li
blowout with an electron density of neðLiÞ ¼ 3:3! 1017 cm(3,
corresponding to a linear plasmawavelength of!pðLiÞ # 60 #m.
The Ti:sapphire laser pulse with a duration of ' # 8 fs and a0 ¼
0:018 is located at the end of the first half of the blowout at the
electric field’s turning point, and has already ionized some He
electrons, which are then trapped and accelerated.
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FIG. 2 (color online). Injection of He electrons at the begin-
ning of the interaction. Snapshots (a) to (e) show E generated by
the Li blowout and the laser pulse, and the He electrons which
are born inside the Li blowout due to ionization by the focused
laser pulse, while (f) shows only Ez and a lineout on axis,
corresponding to (d).
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> laser triggers ionization and injection of electrons from He 
> first experiments planned at FACET E-210 
> laser-to-beam synchronization crucial  

> Simulations: A. Martinez de la Ossa (DESY), B. Hidding (UHH/U Strathclyde)

http://plasma.desy.de


Lucas Schaper |  plasma.desy.de  |  New Particle Physics Facilities Seminar |  4 June 2015  |  Page 00 

Laser-triggered ionization injection 
for controlling electron trapping

24

He fraction, thus giving rise to He electrons at an arbitrary
position within the Li blowout.

Figure 1 shows fully explicit 2D Cartesian particle-in-
cell simulation results obtained with the parallel VORPAL

framework [25]. The moving window simulation box size
was 110! ! in the longitudinal direction with a cell length
down to !=16 in order to resolve the laser wavelength !,
and in the transverse direction 110! ! at a cell width
down to !=8 to resolve the witness bunch width. The
simulation uses third order particle shapes and ADK tun-
neling ionization.

The driver electron beam (driver density is color coded
black and white) has transverse and longitudinal dimen-
sions "r ¼ 5 #m, "z ¼ 7 #m rms, a charge of Q #
300 pC at an energy of W ¼ 200 MeV, with a notable
energy spread of !W ¼ 10%. Such a beam has a trans-
verse electric field of ErðrÞ ¼ Q=½ð2$Þ3=2"z%0r'!
½1( expð( r2=ð2"2

rÞÞ', peaking at Er;max # 27 GV=m.
This is enough to field-ionize Li effectively, while not
sufficient to liberate He electrons by the same mechanism
[26]. With a maximal Li electron density of neðLiÞ ¼
3:3! 1017 cm(3 and a beam density nb¼Q=½ð2$Þ3=2!
e"2

r"z'#6:6!1017 cm(3, a moderate blowout is driven
with a plasma wavelength of !pðLiÞ # 60 #m. The maxi-
mum accelerating field observed in the simulation reaches
Ez # 50 GV=m, near to the classical wave breaking limit
EWB ¼ 2$mec

2=ðe!pÞ. Here, the electric field magnitude
is plotted, rendering visible not only the blowout, but also
the laser pulse which is linearly polarized in the simulation
plane.

The laser pulse moves collinearly with the driver beam
(in an experimental scenario, focused by a flat or parabolic
mirror with a hole created for drive beam passage), with a
focal (vacuum) waist of w0 ¼ 4 #m at a longitudinal

coordinate of z ¼ 132 #m. Here, both the Li and He gas
density reach a flat maximum, after having been ramped up
linearly. In Fig. 1, the laser pulse has already passed its
focal point, is defocusing, and its intensity has just dropped
below the He ionization threshold. The He electrons which
have been previously released by ionization are plotted
with color coded energy. A large fraction of the He elec-
trons has already gained relativistic longitudinal momen-
tum pz=m0 ¼ &vz and therefore is trapped, traveling with
sufficient velocity to remain in the PWFA cavity. As a
result of an interplay between upramping Li and He gas
densities neðLiÞ and neðHeÞ [and therefore a decreasing
plasma wavelength !pðLiÞ, leading to contracting Li blow-
out region], the relative position of released He electrons
within the Li blowout, and their integrated acceleration
history

R
dEzdz varies. This is reflected by varying longi-

tudinal normalized He electron momenta, ranging from
pz=m0 ¼ &vz # 16:2! 108 m=s down to a few counter-
propagating electrons &vz # (1:8! 108 m=s. The simul-
taneous effects of the electron momentum distribution,
relative position, and collective radial electric field exerted
by the Li blowout electrons are responsible for the double-
pinch He electron beam structure in the snapshot.
Figure 2 illustrates the injection and trapping process in

more detail via snapshots of the field magnitude E and the
He electron macroparticles and energy in the longitudinal
direction as a result of the Li based wakefield driven by the
electron beam. In Fig. 2(a), the laser pulse is converging,
not yet having reached its focal point z ¼ 132 #m, and is
not yet intense enough to initiate ionization. But as seen in
2(b), after <20 #m further propagation, the electric field
amplitude has gained another 3 GV=m, enough to ionize

FIG. 1 (color online). Results from a VORPAL [25] simulation
show how an electron driver ionizes Li gas and generates a Li
blowout with an electron density of neðLiÞ ¼ 3:3! 1017 cm(3,
corresponding to a linear plasmawavelength of!pðLiÞ # 60 #m.
The Ti:sapphire laser pulse with a duration of ' # 8 fs and a0 ¼
0:018 is located at the end of the first half of the blowout at the
electric field’s turning point, and has already ionized some He
electrons, which are then trapped and accelerated.
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> laser triggers ionization and injection of electrons from He 
> first experiments planned at FACET E-210 
> laser-to-beam synchronization crucial  

With FLASHForward parameters

Witness-beam parameters after 42 mm of propagation

- beam at 2.5 GeV with 1.0 GeV driver, few-fs duration 
- small uncorrelated energy spread (~‰ level),  

emittance (~100 nm), ~kA current 
- strong longitudinal correlation

> Simulations: A. Martinez de la Ossa (DESY), B. Hidding (UHH/U Strathclyde)
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Wakefield-induced ionization injection utilizes strong fields of 
the generated wakefield to ionize dopant gas

25

> Wakefield-induced ionization injection 
A. Martinez de la Ossa et al., Physical Review Letters 111, 245003 (2013)

IB & 10 kA

Eb =  1 GeV, Ib = 10 kA, Qb = 574 pC 
σz =  7 μm, σx,y =  4 μm, εx,y =  1 μm 

Driver:

n0 = 1.2 x 1018 cm-3

He / H region
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Wakefield-induced ionization injection allows for beams 
with low emittance & sub-femtosecond durations

26

> Wakefield-induced ionization injection 
A. Martinez de la Ossa et al., Physical Review Letters 111, 245003 (2013)

IB & 10 kA

A. Martinez de la Ossa et al., to be published

Witness propertiesDriver

Ez = 136 GV/m

Injected Bunch

Driver and witness bunch after 14.6 mm in plasma

> Duration: 770 as rms 
> Current: 5 kA (tunable)

> Normalized emittance: 300 nm

> Uncorrelated energy spread: < 1%

http://plasma.desy.de


Lucas Schaper |  plasma.desy.de  |  New Particle Physics Facilities Seminar |  4 June 2015  |  Page 00 

Wakefield-induced ionization injection allows for beams 
with low emittance & sub-femtosecond durations
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> Wakefield-induced ionization injection 
A. Martinez de la Ossa et al., Physical Review Letters 111, 245003 (2013)

IB & 10 kA

A. Martinez de la Ossa et al., to be published

Witness propertiesDriver

Ez = 136 GV/m

Injected Bunch

Driver and witness bunch after 14.6 mm in plasma

> Duration: 770 as rms 
> Current: 5 kA (tunable)

> Normalized emittance: 300 nm

> Uncorrelated energy spread: < 1%
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4.3 GENESIS 1.3 Simulations

4.3 GENESIS 1.3 Simulations

For a confirmation of the predictions obtained from the 3D approach, the time-dependent
three-dimensional FEL code GENESIS 1.3 is used [23]. In the time-dependent mode, the
electron bunch is divided into slices while the electrons are represented by macro particles.
For simulations made here, a Gaussian distribution profile is chosen. The simulation
rolls over the electron bunch starting from the back, because the radiation field carries
information only in the forward direction. There are six differential equations of motion
for each macro particle and two partial differential equations for the electro-magnetic
fields, making the simulation very time-consuming. Beside time-dependent simulations,
steady-state simulations are supported. In this mode, an infinite long electron bunch is
assumed, which makes it a good tool for verifying the results obtained from the Ming Xie
formalism [24].
The simulation is done for case III in Table 4.2 with the exception that the undulator
period length is set to 4.00 cm, so that on undulator segment contains exact ten periods.
This change only increases the gain length around 0.01 %, according to the Ming Xie
formalism. The radiation wavelength is 11.28 nm. The resulting power gain curve can be
seen in Figure 4.14 (a). Saturation is reached after about 28 m with a power of about
11.8 GW, which is identical to the one obtained by equation (2.32). The resulting gain
length is about 0.92 m, 1.38 m while including the space between the undulator segments,
corresponding to the factor  = 1.5 from equation (4.3).
Figure 4.14 (b) shows the gain curve of the time-dependent simulation. The typical
high-gain exponential growth in the radiation power does not exist anymore. Due to
the fact that the bunch is not considered as infinite long anymore, it stands to reason
that the short bunch with �z = 0.23µm might cause slippage problems. Although short
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Figure 4.14: Fixed parameters: E = 2.5GeV, �� = 0.5%, Ie = 5 kA, ✏n = 0.3µm, �u = 4.00 cm,
K0 = 5, ¯

� = 1.2m.
(a) The time-independent simulation and (b) the time-dependent simulation.
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Beams from wakefield-induced ionization injection 
show significant FEL gain in GENESIS simulations

27

→ thesis by F. Pannek

>Undulator optimised for short gain length with Wakefield-Induced Ionization Injection beam 
>Saturation observed after 28 m, producing 11.8 GW at 12 nm

E = 2.5 GeV

Ie = 5 kA

✏n = 0.3 µm

�� = 0.5 %

�u = 4 cm

K0 = 5 kA

�̄ = 1.2 m

3D time-dependent 
GENESIS simulation
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Capturing and transport while preserving beam properties is a 
key challenge for free-electron-laser and HEP applications

28

Witness beam in plasma

> Parameters: 

Energy ~2.5 GeV 
Peak current 5 kA 
Bunch duration 770 as  
Transverse emittance ~300 nm  
Uncorrelated energy spread < 1% 

> Correlated energy spread 9 % 
> Beta function ~1 mm

Application in FEL

> Goal: demonstration of gain 
> Requires excellent properties, 

low emittance, high current, 
low energy spread

Extraction from plasma

> Main scientific challenge: 

How to preserve beam properties 
in plasma-to-vacuum transition? 

> Small beta function, large energy spread: 
- (a) emittance growth1 
- (b) bunch lengthening

n

e-

z

ze

Scientific challenge

1 K. Floettmann, Phys. Rev. ST Accel. Beams 6, 034202 (2003)
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http://plasma.desy.de


Lucas Schaper |  plasma.desy.de  |  New Particle Physics Facilities Seminar |  4 June 2015  |  Page 00 

FLASHForward strategy: tailored plasma-to-vacuum transition 
to adiabatically increase beta, minimize emittance growth

29
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Emittance growth depending on transition length

> Plasma-to-vacuum transition ≫ beta for emittance preservation

> Concept, theory: T. Mehrling (DESY), to be published
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FLASHForward strategy: tailored plasma-to-vacuum transition 
→ specialized gas targets are under development

30

> Example: P1 = P2 = 500 mbar, P3 = P4 = 0.1 mbar
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> Targets are under construction, to be tested in first half of 2015
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section
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Acceleration 
section

Adiabatic 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> Concept, target: J.-H. Erbe, L. Schaper (DESY) 

Open∇FOAM simulation
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> Example: P1 = P2 = 500 mbar, P3 = P4 = 0.1 mbar
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> Concept, target: J.-H. Erbe, L. Schaper (DESY) 

Open∇FOAM simulation
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after 0.95 mm

Witness beam

1.2 × 1018 cm-3

3.0 × 1019 cm-3

FLASHForward strategy: tailored plasma-to-vacuum transition 
to compensate for correlated energy spread

31

> Dechirping in plasma analogous to 
corrugated pipe1 and dielectric structure2 

> Example: beam from wakefield-induced ionization injection

> Drive beam 
σz = 7 µm, εx,y = 1 µm, IB = 10 kA, 
Q = 574 pC, E = 1 GeV

> Witness beam 
σz = 0.23 µm, εx,y = 10.3 µm, IB = 5 kA, 
Q = 32 pC, E = 2.5 GeV

1 K.L.F. Bane and G. Stupakov, NIM A 690, 106 (2012) 
2 S. Antipov et al., Phys. Rev. Lett. 112, 114801 (2014)

Witness beam

Generated wakefields at 3.0 × 1019 cm-3

DriverWitness

> Witness beam drives resonant wake 
> Driver far out of resonance

> Concept, theory: V. Wacker, C. Behrens (DESY), to be published

H PACE
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Layout of beam capturing and diagnostics section for phase I 

32
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Witness

Driver

Example: longitudinal phase-space after plasma interaction  
(from a PIC simulation)

> Scientific concept: V.Libov (FLA), C.Behrens (MPY)

Common witness features

> strong longitudinal correlation 
> projected energy spread in the few % range 
> uncorrelated energy spread in the ‰ range 
> < 1 to 20 fs rms duration 
> projected norm. emittances of ≪1 µm   
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High-gradient quadrupoles and tailoring 
mitigate emittance degradation and bunch lengthening

33

> Scientific concept: V.Libov (FLA), C.Behrens (MPY)

× 1.9

× 1.6

× 1.003

> Witness parameters  
E = 2 GeV, σE = 1%, ε0 = 0.5 µm, σt,0 = 1 fs, 

> XQA magnets with 100 T/m for capturing 
> Tailored plasma profile for β = 20 mm at plasma exit

n
z
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FLASHForward laser to test plasma targets in 2015

34

Laser and preparation laboratories (DESY 28m/O2)

Laser lab

Preparation lab

Plasma target test 
and characterization stand

Tailored release and 
dechirping test stand

25 TW laser

Control room

→FLASHForward 
beamline

> Plasma targets will be tested and characterized 
- laser ionization 
- longitudinal density profile 
- tailored release for adiabatic beta increase 
- dechirping by density upramp

> Test stands useful for diagnostic tests 
prior to start of FLASHForward experiments 

> Optimization of laser for FLASHForward 
- synchronization to FLASH 
- reliability / control 

> Laser to be delivered in December 2014,  
installed in January/February 2015
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Broad scientific program investigates crucial PWFA issues

FLASHForward‣‣ core studies 

> novel types of witness-bunch generation 
for unprecedented PWFA beam quality 

- laser-triggered ionization injection 
- beam and wake-triggered ionization injection  
- density down-ramp injection 
- external injection (two pulses from photo gun) 

> transformer ratios of 2 and beyond

- boost beams to ~2.5 GeV 
- boost beams to ~4+ GeV Triangular driver

> acceleration in dielectric structures

> assess potential to show FEL gain at wavelengths of ~1 nm

> bunch-quality for photon-science applications 

- emittance, current, duration measurements 
- first measurement of slice parameters (with TDS) 

> stability/reproducibility of the process 
- beam- and plasma-parameter influence on stability

In addition, the beamline will be well equipped to study a plethora of scientific problems in novel and conventional accelerator R&D 
(e.g. Thomson scattering, novel diagnostic and timing schemes, components…)

normalized witness beam emittances of ≲ 100 nm expected 
with multi-kA peak currents at 1.5 to 4+ GeV in few-fs duration

35

We are open to collaborations and new ideas…
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Summary and conclusions

36

> FLASHForward‣‣ aims at advancing novel-accelerator science by exploring plasma-wakefield acceleration 
- various external and internal witness-beam-injection schemes to achieve usable beam quality 
- the extraction of accelerated beams from plasma without significant quality degradation 
- the assessment of the usability of these beams in a free-electron laser 

> Photon science applications will be pursued as first test for plasma-accelerator technology 

> External injection and extraction experiments are foreseen as a precursor to staging studies, important for HEP 

> FLASHForward is an important step to explore beam-driven wakefield acceleration and prepare it for applications

Goal: plasma accelerator research → usable plasma accelerators
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Backup material…
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FLASHForward

Conceptual design PI

28m 1,24 years

FLASH switchyard 1,06 years

FLASH II tunnel 1,61 years

Conceptual design PI completed

Technical design PI

28m 9,35 months

FLASH switchyard 5 months

FLASH II tunnel 1,39 years

Technical design PI completed

Fab/procurement PI

28m 1,5 years

FLASH switchyard 1 year

FLASH II tunnel 1,67 years

Installation PI, laser lab 1,23 years

Preexperimental phase, 28m/O2.007 1,28 years

Installation PI, accelerator tunnel

FLASH switchyard 1m

FLASH II tunnel 2,5m

Beamline commissioning PI 6 months

Start of Experiments PI

Experimens PI 2 years

Conceptual design PII 6 months

Conceptual design PII completed

Technical design PII 6 months

Verification of PII concepts with PI data 6 months

Technical design PII completed

Fab/procurement/tests PII 1,5 years

Beamline installation PII 3m

Beamline commissioning PII 2m

Start of Experiments PII

Experiments PII 2 years

Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3
2012 2013 2014 2015 2016 2017 2018 2019 2020

Ph
as

e 
I (

PI
)

Ph
as

e 
II (

PI
I)

PWFA studies
2 years

2 years

PWFA & FEL studies
…

depends on FLASH shutdown schedule and availability of technical groups

Scientific milestone Date

Phase I

Demonstration of density-profile injection Dec. 2016
Demonstration of ionisation-based injection Jul. 2017
Demonstration of transformer ratios > 2 Sep. 2017
External injection and acceleration of an external bunch Dec. 2017
Demonstration of laser-triggered ionization-based injection May 2018

Phase II FEL-gain at ~nm wavelength Jul. 2019

FLASHForward project schedule 
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The FLASHForward collaboration network

39

ARD

national

VI

international

LAOLA.
local

FLASHForward‣‣

Helmholtz-Zentrum Dresden-Rossendorf

Helmholtz-Institut Jena

Lawrence Berkeley National Laboratory, US

Stanford Linear Accelerator Center, US

University of California Los Angeles, US

John Adams Institute, UK

Laboratori Nazionali di Frascati, Italy

CERN, Switzerland

Max Planck Institute for Physics, Bavaria

James Cook University, Australia

Northern Illinois University, US

Instituto Superior Técnico Lisboa, Portugal
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