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PARTICLE ACCELERATORS — EXPLORING THE SMALL SCALE OF MATTER

Cathode ray tube, keV

PARTICLE PHYSICS

PHOTON SCIENCE

Electric/material breakdown limits the
acceleration gradient ©(100MeV/m)
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PARTICLE ACCELERATORS — EXPLORING THE SMALL SCALE OF MATTER

Cathode ray tube, keV
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PARADIGM SHIFT IN ACCELERATOR TECHNOLOGY NEEDED:

PARTICLE PHYSICS

> Compact 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

> kKW-to-MW-level average power

vy

PHOTON SCIENCE

Electric/material breakdown limits the
acceleration gradient ©(100MeV/m)

Sarah Schréder / DPG Spring Meeting / 21.03.2022 Page 2



PLASMA-BASED ACCELERATORS — A PROMISING TECHNOLOGY

PHYSICAL REVIEW LETTERS 23 Jury 1979 FIRST HIGH-QUALITY BEAMS FIRST FEL GAIN
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Laser Electron Accelerator nature

T. Tajima and J. M. Dawson
Department of Physics, University of California, Los Angeles, California 90024 Dl‘eam beam

I'hr li[ﬂ\'ll ufl' RS o ¥ [ T L"l'l."\ll‘\

(Received 9 March 1979)
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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 v
of acceleration distance. This acceleration mechanism is demonstrated through computer Protein telding %
o pe trom

simulation. Applications to accelerators and pulsers are examined, ibe i

Human nstry
OIn nland
W fromone

S.P.D. Mangles et al., Nature 431, 535-538 (2004). W. Wang et al., Nature 595, 516-520 (2021)
C.G.R. Geddes et al., Nature 431, 538-541 (2004).
J. Faure et al., Nature 431, 541-544 (2004).
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LIMITATION OF LASER-DRIVEN PLASMA WAKEFIELD ACCELERATION

PHYSICAL REVIEW LETTERS 23 Jury 1979 FIRST HIGH-QUALITY BEAMS FIRST FEL GAIN
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Laser Electron Accelerator nature

T. Tajima and J. M. Dawson
Department of Physics, University of California, Los Angeles, California 90024 Dream beam

|Ahl‘ d.‘l\\'ll uf sRInn

de accelerators

(Received 9 March 1979)

r 2

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%® ® shone on plas-

mas of densities 10'® cm™? can yield gigaelectronvolts of electron energy per centimeter v

of acceleration distance. This acceleration mechanism is demonstrated through computer Protain telding %
simulation. Applications to accelerators and pulsers are examined, e _ .

Human nstry
OIn W and
W framone

S.P.D. Mangles et al., Nature 431, 535-538 (2004). W. Wang et al., Nature 595, 516-520 (2021)
C.G.R. Geddes et al., Nature 431, 538-541 (2004).
J. Faure et al., Nature 431, 541-544 (2004).

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

Low wall-plug efficiency (~0.1%)

Low average power (~100 W)
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LIMITATION OF LASER-DRIVEN PLASMA WAKEFIELD ACCELERATION
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Department of Physics, University of California, Los Angeles, California 90024 Dream beam
(Received 9 March 1979) T

Jde accelerators

An intense electromagnetic pulse can create a weak of
action of the nonlinear ponderomotive force. Electrons tr PARADlGM SHIFT IN ACCELERATOR TECHNOLOGY NEEDED:
celerated to high energy, Existing glass lasers of power
mas of densities 10'® em™? can yield gigaelectronvolts of ¢

of acceleration distance. This acceleration mechanism is CompaCt deSign < Acceleration gradient (>GeV/m)

simulation. Applications to accelerators and pulsers are

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

Luminosity / Brilliance <> excellent beam quality:

0)
> Jo-level energy spread iture 595, 516-520 (2021)

> nm-level focus spot size (gm-level emittance)
LIMITATIONS OF STATE-OF-THE-ART HI¢ > kW-to-MW-level average power

Low wall-plug efficiency (~0.1%)

Low average power (~100 W)
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of acceleration distance. This acceleration mechanism is CompaCt deSign < Acceleration gradient (>GeV/m)

simulation. Applications to accelerators and pulsers are

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

Luminosity / Brilliance <> excellent beam quality:

0)
> Jo-level energy spread iture 595, 516-520 (2021)

> nm-level focus spot size (gm-level emittance)
LIMITATIONS OF STATE-OF-THE-ART HI¢ > kW-to-MW-level average power

Low wall-plug efficiency (~0.1%)

Low average power (~100 W)

=) BEAM-DRIVEN PLASMA WAKEFIELD ACCELERATION
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BEAM-DRIVEN PLASMA WAKEFIELD ACCELERATION

Plasma density (2 x 10*cm™3) Beam density (2 x 10 cm~3)
3 0
|

0 1 2 5 10 15

WAKE EXCITATION

Plasma: ionised gas 40 t

Electron beam drives a wake

Cylindrically symmetric GV/m-level fields

> Longitudinally accelerating

> Transverse focusing
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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 required’
Acceleration efficiency: n x AE,..- Q...

Concepts for energy-spread mitigation:

> External device?

> Optimal beam loading?

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

X (um)
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FLATTENING THE WAKEFIELD VIA OPTIMAL BEAM LOADING

Plasma density (2 x 10*cm™3) Beam density (2 x 106 cm™3)
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SCALABLE ENERGY-SPREAD-PRESERVING AND HIGH-EFFICIENCY ACCELERATION
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FLATTENING THE WAKEFIELD VIA OPTIMAL BEAM LOADING

Plasma density (2 x 10*cm™3) Beam density (2 x 106 cm™3)
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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

LETTER

High-efficiency acceleration of an electron beam in a
plasma waketield accelerator

M. Litos’, E. Adli"?, W. An°, C. I. Clarke', C. E. Clayton®, S. Corde', J. P. Delahaye', R. J. England’, A. S. Fisher', J. Frederico',
S. Gessner’, S. Z. Green', M. J. Hogan', C. Joshi*, W. Lu’, K. A. Marsh®, W. B. Mori’, P. Muggli®, N. Vafaei-Najafabadi*, D. Walz',
G. White', Z. Wu', V. Yakimenko' & G. Yocky"

doi:10.1038/naturel3882

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

TARGETED NEXT MILESTONES:

17.7% energy efficiency

10% charge coupling BEAM-QUALITY PRESERVATION
2% energy spread
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FLASHForward»» — A BEAM-

DRIVEN PLASMA WAKEFIELD ACCELERATOR

FLASH linac

146 MeV

g

5 MeV

Gun

450 MeV

Electron bunch source: FLASH FEL linac

> Stable operation

> High-quality electron bunches

I -

1250 MeV

TDS
Wil
FLASH1
e FLASHZ
~135m
FLASH3
[ :
‘FLASHForward |
Energy ~1.25 GeV
Charge 1 nC
Duration 200 fs (rms)
Emittance ~2 mm mad
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FLASHForward»» — A BEAM-

DRIVEN PLASMA WAKEFIELD ACCELERATOR

FLASH linac

5 MeV

Gun

146 MeV 450 MeV

g

BC3

Electron bunch source: FLASH FEL linac

> Stable operation

> High-quality electron bunches

Plasma source:
> Capillary in sapphire structure

> Discharge-ignited Argon

1250 MeV

A

FLASH2

~135m
FLASH3

[ :

‘FLASHForward |
Energy ~1.25 GeV

Charge 1 nC

Duration 200 fs (rms)
Emittance ~2 mm mad

Electrode

Gas inlet
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FLASHForward»» — A BEAM-DRIVEN PLASMA WAKEFIELD ACCELERATOR

FLASH linac

5 MeV 146 MeV 450 MeV 1250 MeV
‘ ‘ ! H ! .
1 =
n . R e
~135 m :

-IHHH\HHHHFLASH3 :
“FLASHForward |

Electron bunch source: FLASH FEL linac E— 195 GaV

> Stable operation Charge 110G
Duration 200 fs (rms)
> High-quality electron bunches Emittance ~2 mm mad

Plasma source:
> Capillary in sapphire structure

> Discharge-ignited Argon Gas inlet Electrode

300

Diagnostics:

2007

100 ¢

> Dipole spectrometer

Vertical position, y (mm)
o

—800 —600 —-400 -200 O 200 400 600 800 1000
Beamline, s (mm)

Sarah Schréder / DPG Spring Meeting / 21.03.2022 Page 8



TUNABLE TWO-BUNCH GENERATION VIA ENERGY COLLIMATION

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

Linearised longitudinal phase space

Collimators in dispersive extraction section
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TUNABLE TWO-BUNCH GENERATION VIA ENERGY COLLIMATION

S. Schroder et al., J. Phys. Conf. Ser. 1596, 012002 (2020)
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TUNABLE TWO-BUNCH GENERATION VIA ENERGY COLLIMATION

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

> Linearised longitudinal phase space

> Collimators in dispersive extraction section
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TUNABLE TWO-BUNCH GENERATION VIA ENERGY COLLIMATION

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

> Linearised longitudinal phase space

> Collimators in dispersive extraction section
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TUNABLE TWO-BUNCH GENERATION VIA ENERGY COLLIMATION

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

Linearised longitudinal phase space

Collimators in dispersive extraction section
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ENERGY-SPREAD-PRESERVING PLASMA WAKEFIELD ACCELERATION

C.A. Lindstrem, J.M. Garland, S. Schréder et al., Phys. Rev. Lett. 126, 014801 (2021)
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ENERGY-SPREA

D-PRESERVING PLASMA WAKEFIEL

D ACCELERATION

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

X (mm)

X (mm)

1
N
T

—
&)
o

Spectral density (pC MeV'1)
o
o

o

_ O 2 N O -
L L L L L

&)
o
1

: : Trailing
Driver b & “bunch Plasma off
Plasma on
—
i Plasma off Single-shot statistics:
Plasma on Accel. gradient (peak): 1.28 GV/m
— (single shot) Transformer ratio: 1.26
Plasma on, driver Energy-transfer efficiency: 39%
(imaging scan)
0.16% 0.13%
FWHM FWHM
J/u \“-?"\1/ k | | |
990 1000 1010 1020 1030 1040 1050 1060 1070 1080

Energy (MeV)

N
o
o

w
o
o

200

100

Charge density (pC mm"’ MeV'1)

N

Shots (chronological order

1000

N
-
-
o

3000

TN
o
(@)
o

5000

990

—_—
(&)
o
o

Plasma off

v

02%

- 1000
500

b,

Shots / 0

0
0

01 02 03 04

o\o 1 1 1 1 I
1 1500 - -
AN
~ 1000 | -
8
O 500 ..—l'd -
(D 0 | 1 =
0 10 20 30 40 50
Efficiency (%) =
1000 1010 1020 1030 1040 1050 1060 1070
Energy (MeV)

Energy spread (% FWHM) =

1080

> 0.16% (FWHM) energy spread preserved

> 42% 4% energy-transfer efficiency

> 100% charge coupling
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ENERGY-SPREA

D-PRESERVING PLASMA WAKEFIELD ACCELERATION

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

M. Litos et al., Nature 515, 92-95 (2014)
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HIGH-RESOLUTION SAMPLING OF PLASMA WAKEFIEL

DS

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

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

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

DS

S.Schroder et al., Nat. Commun. 11, 5984 (2020)
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E, (GVm™1)

HIGH-RESOLUTION SAMPLING OF PLASMA WAKEFIEL

DS

S.Schroder et al., Nat. Commun. 11, 5984 (2020)
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E, (GVm™1)

TUNING THE WAKEFIELD

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

CHANGING THE PLASMA DENSITY CHANGING THE BEAM LOAD
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PRESERVING THE ENERGY SPREAD VIA OPTIMAL BEAM LOA

DING

TUNABLE AND PRECISE TWO-BUNCH GENERATION
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S. Schrader et al., J. Phys. Conf. Ser. 1596,012002 (2020) v &
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FEMTOSECOND-RESOLUTION MEASUREMENT OF A FLATTENED WAKEFIEL
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CONCLUSION

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

Demonstrated optimal beam loading
> Energy spread preservation
> Charge preservation

> Energy transfer efficiency: 42%

Femtosecond-resolution sampling of plasma wakefield

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

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

ENTERING PRECISION OPERATION OF BEAM-DRIVEN PLASMA WAKEFIELD ACCELERATORS
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Graph produced in collaboration with A. Pousa Ferrara
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