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PARTICLE ACCELERATORS — EXPLORING THE SMALL SCALE OF MATTER
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Electric/material breakdown limits the

acceleration gradient to ©(100) MeV/m
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PARTICLE ACCELERATORS — EXPLORING THE SMALL SCALE OF MATTER

Cathode ray tube, k_eV
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E REQUIREMENTS OF ADVANCED ACCELERATOR TECHNOLOGIES:
('
> Compact linear design <> Acceleration gradient (>GeV/m)
> Affordable operation <> Power efficiency (>10% wall-plug)
> Luminosity / Brilliance <> excellent beam quality:
> %o-level energy spread
> nm-level focus spot size (um-level emittance)
t';’ > kW-to-MW-level average power
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PLASMA WAKEFIELD ACCELERATORS — A PROMISING TECHNOLOGY

23 Jury 1979 PHYSICAL REVIEW LETTERS

Laser Electron Accelerator

T. Taji dJ. M. D
Department of Physics, Um’versglyao%alifom:‘a, azvosso,gngeles, California 90024 @(10) GEV/M ACCELERAT'ON GRAD'ENT

(Received 9 March 1979)

An intense electromagnetic pulse can create a weak of plasma oscillations through the
action of the nonlinear ponderomotive force. Electrons trapped in the wake can be ac-
celerated to high energy. Existing glass lasers of power density 10'**W/cm® shone on plas-
mas of densities 10'® cm™? can yield gigaelectronvolts of electron energy per centimeter
of acceleration distance. This acceleration mechanism is demonstrated through computer
simulation. Applications to accelerators and pulsers are examined,
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S.PD. Mangles et al., Nature 431, 535-538 (2004). M. Litos et al., Nature 515, 92-95 (2014) W. Wang et al., Nature 595, 516-520 (2021)
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BEAM-DRIVEN PLASMA WAKEFIELD ACCELERATION
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BEAM-DRIVEN PLASMA WAKEFIELD ACCELERATION
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> Cylindrically symmetric GV/m-level fields.
40 |
> Longitudinally accelerating.

> Transversely focusing.
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BEAM-DRIVEN PLASMA WAKEFIELD ACCELERATION

Plasma density (2 x 106 cm™3) Beam density (2 x 1016 cm™3)
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> Cylindrically symmetric GV/m-level fields.
40 1
g > Longitudinally accelerating.
-
= > Transversely focusing.
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o > Space charge of trailing bunch modifies field
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BEAM-DRIVEN PLASMA WAKEFIELD ACCELERATION

12
> Cylindrically symmetric GV/m-level fields.
> Longitudinally accelerating.
0 > Transversely focusing.
> Space charge of trailing bunch modifies field
........... No beam load . t t A b I d.
Err= —145GVm™ {2~ structure = beam loading.
— Efar=-2GVm™ & > Energy-spread-preserving and high efficiency
— Efar= —2.83GVm™ 5 acceleration via optimal beam loading.
—4 ‘;
= L
=
é 219 pC -6 OPTIMISING THE ACCELERATION REQUIRES:
31 103 pC,
- 1. Precision control of the bunch current profiles.
g g 2. Precision measurement of the plasma wakefield.
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FLASHForward»» — A BEAM-DRIVEN PLASMA WAKEFIELD ACCELERATOR AT DESY

Energy 1.25 GeV
RFDhoto-guﬂ 1.3GH; SRF 3rd Bunch Charge 1nC
Duration 200 fs (rms)

Emittance ~2 mm mrad
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FLASHForward»» — A BEAM-DRIVEN PLASMA WAKEFIELD ACCELERATOR AT DESY

Argon discharge plasma

Energy 1.25 GeV
Charge 1 nC
Duration 200 fs (rms)

Emittance ~2 mm mrad

Collimator apparatus for tunable two-bunch generation

Wedge
collimator

Block Block collimator
collimator (hidden)
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TUNABLE TWO-BUNCH GENERATION VIA ENERGY COLLIMATION
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TUNABLE TWO-BUNCH GENERATION VIA ENERGY COLLIMATION
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BUNCH-LENGTH MODIFICATION VIA ENERGY COLLIMATION

LONGITUDINAL PHASE SPACE
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ENERGY-SPREAD-PRESERVING PLASMA WAKEFIELD ACCELERATION
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> 0.16% (FWHM) energy spread preserved

> 42%*t4% energy-transfer efficiency

> 100% charge coupling
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ENERGY-SPREAD-PRESERVING PLASMA WAKEFIELD ACCELERATION
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C.A. Lindstrom, J.M. Garland, S. Schroder et al., Phys. Rev. Lett. 126, 014801 (2021)

M. Litos et al., Nature 515, 92-95 (2014)
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> 2% energy spread

> 17.7%=x6.3% energy transfer efficiency
> 10% charge coupling
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HIGH-RESOLUTION SAMPLING OF PLASMA WAKEFIELDS
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> Characteristic energy spectrum imprinted onto the bunch.

> Progressive tail-collimation samples the wakefield.
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FEMTO-SECOND RESOLVED WAKEFIELD MEASUREMENTS

CHANGING THE PLASMA DENSITY CHANGING THE BEAM LOAD
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15 fs resolution

0.8 GV/m average accelerating fields ENABLING PRECISION OPTIMISATION OF THE ACCELERATION PROCESS

Good agreement with simulation
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PROVING FIELD FLATTENING VIA OPTIMAL BEAM LOADING
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CONCLUSION & OUTLOOK

> FLASHForward is a unique facility for the advancement of beam-driven plasma wakefield acceleration.
> Access to FEL-suitable beam quality, beam stability and operation standards.
> Test-bed for developing novel techniques and methodologies for the operation of a plasma accelerator.

> Precision measurement of plasma wakefields.

> Femto-second resolution.

> Robust, fairly simple and quick method.
> Demonstrated optimal beam loading.

> Charge preservation. S.Schroder et al., J. Phys. Conf. Ser. 1596, 012002 (2020)

> Energy spread preservation. C.A. Lindstrom et al., Phys. Rev. Lett. 126, 014801 (2021)

> Energy transfer efficiency: 42% S. Schrdder et al., Nat. Commun. 11, 5984 (2020)

ENABLING FEL-SUITABLE OPERATION OF A BEAM-DRIVEN PLASMA WAKEFIELD ACCELERATOR.

> Plasma recovery measurements indicate possible operation with MHz repetition rate. R. D'Arcy et al., Nature
603, 58-62 (2022)

C. A. Lindstrgm
(to be published)

> Emittance preservation.
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