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PARADIGM SHIFT IN ACCELERATOR TECHNOLOGY NEEDED: 

> Compact design  Acceleration gradient (>GeV/m)


> Affordable operation  Power efficiency (>10% wall-plug)


> Luminosity / Brilliance  excellent beam quality:

> ‰-level energy spread

> nm-level focus spot size

> kW-to-MW-level average power

↔
↔

↔
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PLASMA-BASED ACCELERATORS — A PROMISING TECHNOLOGY

S.P.D. Mangles et al., Nature 431, 535–538 (2004).

C.G.R. Geddes et al., Nature 431, 538–541 (2004).

J. Faure et al., Nature 431, 541–544 (2004).

FIRST HIGH-QUALITY BEAMS

W. Wang et al., Nature 595, 516–520 (2021)

FIRST FEL GAIN
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LIMITATION OF LASER-DRIVEN PLASMA WAKEFIELD ACCELERATION

S.P.D. Mangles et al., Nature 431, 535–538 (2004).

C.G.R. Geddes et al., Nature 431, 538–541 (2004).

J. Faure et al., Nature 431, 541–544 (2004).

FIRST HIGH-QUALITY BEAMS

W. Wang et al., Nature 595, 516–520 (2021)

FIRST FEL GAIN

LIMITATIONS OF STATE-OF-THE-ART HIGH-INTENSITY LASERS: 

> Low wall-plug efficiency (~0.1%)


> Low average power (~100 W)
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BEAM-DRIVEN PLASMA WAKEFIELD ACCELERATION
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BEAM-DRIVEN PLASMA WAKEFIELD ACCELERATION

WAKE EXCITATION 

> Plasma: ionised gas


> Electron beam drives a wake


> Cylindrically symmetric GV/m-level fields

> Longitudinally accelerating

> Transverse focusing


INJECTION OF AN EXTERNAL BUNCH 

> Excellent focus control required1


> Acceleration efficiency: 


> Concepts for energy-spread mitigation:

> External device2


> Optimal beam loading3

η ∝ ΔEacc ⋅ Qacc

Beam

z-ct

z-ct
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> Longitudinally accelerating

> Transverse focusing


INJECTION OF AN EXTERNAL BUNCH 

> Excellent focus control required1


> Acceleration efficiency: 


> Concepts for energy-spread mitigation:

> External device2


> Optimal beam loading3

η ∝ ΔEacc ⋅ Qacc

1 C.A. Lindstrøm, …, S. Schröder et al., Phys. Rev. Accel. Beams 23, 052802 (2020) 
2 R. D‘Arcy, …, S. Schröder et al., Phys. Rev. Lett 122 034801 (2019) 
3 M. Tzoufras et al., Phys. Rev. Lett. 101, 145002 (2008)
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FLATTENING THE WAKEFIELD VIA OPTIMAL BEAM LOADING
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FLATTENING THE WAKEFIELD VIA OPTIMAL BEAM LOADING

SCALABLE ENERGY-SPREAD-PRESERVING AND HIGH-EFFICIENCY ACCELERATION
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FLATTENING THE WAKEFIELD VIA OPTIMAL BEAM LOADING

CONTROLLING AND OPTIMISING THE ACCELERATION PROCESS REQUIRES: 

1. Precision control of the current profiles 

2. Robust method for measuring the plasma wakefield
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STATE-OF-THE-ART BEAM-DRIVEN PLASMA WAKEFIELD ACCELERATION

M. Litos et al., Nature 515, (2014): 
> 4.4 GeV m-1 acceleration gradient

> 17.7% energy efficiency

> 10% charge coupling

> 2% energy spread

TARGETED NEXT MILESTONES:  

BEAM-QUALITY PRESERVATION
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~135 m

Energy ~1.25 GeV

Charge 1 nC

Duration 200 fs (rms)
Emittance ~2 mm mad

> Electron bunch source: FLASH FEL linac


> Stable operation


> High-quality electron bunches

FLASHForward

FLASHForward                               — A BEAM-DRIVEN PLASMA WAKEFIELD ACCELERATOR
FLASH linac



 Page Sarah Schröder  /  DPG Spring Meeting  /  21.03.2022 8

~135 m

Energy ~1.25 GeV

Charge 1 nC

Duration 200 fs (rms)
Emittance ~2 mm mad

> Electron bunch source: FLASH FEL linac


> Stable operation


> High-quality electron bunches

FLASHForward

FLASHForward                               — A BEAM-DRIVEN PLASMA WAKEFIELD ACCELERATOR
FLASH linac

33 mm

Gas inlet Electrode

> Plasma source: 


> Capillary in sapphire structure


> Discharge-ignited Argon
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Energy ~1.25 GeV

Charge 1 nC
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Emittance ~2 mm mad

> Electron bunch source: FLASH FEL linac


> Stable operation


> High-quality electron bunches

FLASHForward

FLASHForward                               — A BEAM-DRIVEN PLASMA WAKEFIELD ACCELERATOR
FLASH linac

33 mm

Gas inlet Electrode

> Plasma source: 


> Capillary in sapphire structure


> Discharge-ignited Argon

> Diagnostics:


> Dipole spectrometer
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TUNABLE TWO-BUNCH GENERATION VIA ENERGY COLLIMATION

ENABLING FEMTOSECOND-PRECISION CURRENT-PROFILE MODIFICATION

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

> Linearised longitudinal phase space


> Collimators in dispersive extraction section 

Longitudinal phase space

Dipole

Dipole
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TUNABLE TWO-BUNCH GENERATION VIA ENERGY COLLIMATION

ENABLING FEMTOSECOND-PRECISION CURRENT-PROFILE MODIFICATION

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

> Linearised longitudinal phase space


> Collimators in dispersive extraction section 

Longitudinal phase space

Dipole

Dipole

High-energy collimator 

Low-energy collimator 
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ENERGY-SPREAD-PRESERVING PLASMA WAKEFIELD ACCELERATION

C.A. Lindstrøm, J.M. Garland, S. Schröder et al., Phys. Rev. Lett. 126, 014801 (2021)
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ENERGY-SPREAD-PRESERVING PLASMA WAKEFIELD ACCELERATION

C.A. Lindstrøm, J.M. Garland, S. Schröder et al., Phys. Rev. Lett. 126, 014801 (2021)
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> 0.16% (FWHM) energy spread preserved


> 42% 4% energy-transfer efficiency

> 100% charge coupling

±
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M. Litos et al., Nature 515, 92–95 (2014)

> 0.16% (FWHM) energy spread preserved


> 42% 4% energy-transfer efficiency

> 100% charge coupling

±
> 2% energy spread 


> 17.7  6.3 % energy transfer efficiency

> 10% charge coupling

±
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HIGH-RESOLUTION SAMPLING OF PLASMA WAKEFIELDS

S. Schröder et al., Nat. Commun. 11, 5984 (2020)
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HIGH-RESOLUTION SAMPLING OF PLASMA WAKEFIELDS

S. Schröder et al., Nat. Commun. 11, 5984 (2020)

FEMTOSECOND RESOLVED WAKEFIELD MEASUREMENT: 

1. Longitudinal phase space measurement of incoming bunch


2. Collimator position scan
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HIGH-RESOLUTION SAMPLING OF PLASMA WAKEFIELDS

S. Schröder et al., Nat. Commun. 11, 5984 (2020)

Progressive bunch tail removal

FEMTOSECOND RESOLVED WAKEFIELD MEASUREMENT: 

1. Longitudinal phase space measurement of incoming bunch


2. Collimator position scan
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HIGH-RESOLUTION SAMPLING OF PLASMA WAKEFIELDS

> 15 fs resolution


> 0.8 GV/m average accelerating fields


> Good agreement with simulation

S. Schröder et al., Nat. Commun. 11, 5984 (2020)
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TUNING THE WAKEFIELD

CHANGING THE PLASMA DENSITY CHANGING THE BEAM LOAD

> 15 fs resolution


> 0.8 GV/m average accelerating fields


> Good agreement with simulation

S. Schröder et al., Nat. Commun. 11, 5984 (2020)



 Page Sarah Schröder  /  DPG Spring Meeting  /  21.03.2022 13

TUNING THE WAKEFIELD

ENABLING PRECISION OPTIMISATION OF THE ACCELERATION PROCESS

CHANGING THE PLASMA DENSITY CHANGING THE BEAM LOAD

> 15 fs resolution


> 0.8 GV/m average accelerating fields


> Good agreement with simulation

S. Schröder et al., Nat. Commun. 11, 5984 (2020)



 Page Sarah Schröder  /  DPG Spring Meeting  /  21.03.2022 14

PRESERVING THE ENERGY SPREAD VIA OPTIMAL BEAM LOADING
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ENERGY SPREAD PRESERVATION VIA OPTIMAL BEAM LOADING

Bunch pair

TUNABLE AND PRECISE TWO-BUNCH GENERATION

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

HIGH-RESOLUTION SAMPLING OF WAKEFIELDS

S. Schröder et al., Nat. Commun. 11, 5984 (2020)

C.A. Lindstrøm, J.M. Garland, S. Schröder et al., Phys. Rev. Lett. 126, 014801 (2021)
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FEMTOSECOND-RESOLUTION MEASUREMENT OF A FLATTENED WAKEFIELD

Bunch pair
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	(�
%-LEVEL WAKEFIELD FLATTENING ACHIEVED

TUNABLE AND PRECISE TWO-BUNCH GENERATION

HIGH-RESOLUTION SAMPLING OF WAKEFIELDS

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

S. Schröder et al., Nat. Commun. 11, 5984 (2020)

C.A. Lindstrøm, J.M. Garland, S. Schröder et al., Phys. Rev. Lett. 126, 014801 (2021)

ENERGY SPREAD PRESERVATION VIA OPTIMAL BEAM LOADING
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> Beam-driven plasma wakefield acceleration is a promising technology for future compact linear accelerators


> FLASHForward is a unique facility to exploit precision operation of a beam-driven plasma wakefield accelerator


> Tunable two-bunch generation with femtosecond-level current profile control


> Demonstrated optimal beam loading


> Energy spread preservation


> Charge preservation


> Energy transfer efficiency: 42%


> Femtosecond-resolution sampling of plasma wakefield

CONCLUSION

S. Schröder et al., Nat. Commun. 11, 5984 (2020)

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

C.A. Lindstrøm, J.M. Garland, S.Schröder et al., Phys. Rev. Lett. 126, 014801 (2021)

ENTERING PRECISION OPERATION OF BEAM-DRIVEN PLASMA WAKEFIELD ACCELERATORS
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