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PARTICLE ACCELERATORS — EXPLORING THE SMALL SCALE OF MATTER
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TODAY’S TECHNOLOGY: RADIO-FREQUENCY CAVITIES

Electric/material breakdown limits the


 acceleration gradient to 𝒪(100) MeV/m
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REQUIREMENTS OF ADVANCED ACCELERATOR TECHNOLOGIES:


> Compact linear 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 (μm-level emittance)


> kW-to-MW-level average power

↔
↔
↔
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PLASMA WAKEFIELD ACCELERATORS — A PROMISING TECHNOLOGY
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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 GAINHIGH EFFICIENCY

𝒪(10) GEV/M ACCELERATION GRADIENT

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

NEXT TARGETED MILESTONES: 


BEAM-QUALITY PRESERVATION
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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.

> Longitudinally accelerating.

> Transversely focusing.
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BEAM-DRIVEN PLASMA WAKEFIELD ACCELERATION
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> Cylindrically symmetric GV/m-level fields.

> Longitudinally accelerating.

> Transversely focusing.

> Space charge of trailing bunch modifies field 
structure  beam loading.=̂N
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BEAM-DRIVEN PLASMA WAKEFIELD ACCELERATION
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OPTIMISING THE ACCELERATION REQUIRES:


1. Precision control of the bunch current profiles.


2. Precision measurement of the plasma wakefield.

> Cylindrically symmetric GV/m-level fields.


> Longitudinally accelerating.


> Transversely focusing.


> Space charge of trailing bunch modifies field 
structure  beam loading.


> Energy-spread-preserving and high efficiency 
acceleration via optimal beam loading.

=̂



Sarah Schröder  /  Helmholtz SAB meeting  /  03.05.2023

                           — A BEAM-DRIVEN PLASMA WAKEFIELD ACCELERATOR AT DESY
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                           — A BEAM-DRIVEN PLASMA WAKEFIELD ACCELERATOR AT DESY

6

FLASHForward 
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Collimator apparatus for tunable two-bunch generation
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TUNABLE TWO-BUNCH GENERATION VIA ENERGY COLLIMATION
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ENABLING FEMTOSECOND-PRECISION CURRENT-PROFILE MODIFICATION
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S. Schröder et al., J. Phys. Conf. Ser. 1596, 012002 (2020)
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BUNCH-LENGTH MODIFICATION VIA ENERGY COLLIMATION
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ENABLING FEMTOSECOND-PRECISION CURRENT-PROFILE MODIFICATION

Block 
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S. Schröder et al., J. Phys. Conf. Ser. 1596, 012002 (2020)
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ENERGY-SPREAD-PRESERVING PLASMA WAKEFIELD ACCELERATION

9C.A. Lindstrøm, J.M. Garland, S. Schröder et al., Phys. Rev. Lett. 126, 014801 (2021)

> 0.16% (FWHM) energy spread preserved


> 42% 4% energy-transfer efficiency


> 100% charge coupling

±

Plasma off-1
0
1

x 
(m

m
)

0

100

200

300

400

C
ha

rg
e 

de
ns

ity
 (p

C
 m

m
-1

 M
eV

-1
)

Plasma on

-2
-1
0
1
2

x 
(m

m
)

Single-shot statistics:
Accel. gradient (peak): 1.28 GV/m
Transformer ratio: 1.26
Energy-transfer efficiency: 39%

0.16%
FWHM

0.13%
FWHM

990 1000 1010 1020 1030 1040 1050 1060 1070 1080
Energy (MeV)

0

50

100

150

S
pe

ct
ra

l d
en

si
ty

 (p
C

 M
eV

-1
)

Plasma off
Plasma on
(single shot)
Plasma on, driver
(imaging scan)

990 1000 1010 1020 1030 1040 1050 1060 1070 1080
Energy (MeV)

0

1000

2000

3000

4000

5000

S
ho

ts
 (c

hr
on

ol
og

ic
al

 o
rd

er
)

0

5

10

15

20

25

30

35

40

S
pe

ct
ra

l d
en

si
ty

 (p
C

 M
eV

-1
)

0 0.1 0.2 0.3 0.4
Energy spread (% FWHM)

0

500

1000

1500

S
ho

ts
 / 

0.
02

%

0 10 20 30 40 50
Efficiency (%)

0

500

1000

1500
S

ho
ts

 / 
2.

5%

 Trailing
 bunchDriver 

(a)

 Plasma off

(b)

(c)

(d)



Sarah Schröder  /  Helmholtz SAB meeting  /  03.05.2023

Plasma off-1
0
1

x 
(m

m
)

0

100

200

300

400

C
ha

rg
e 

de
ns

ity
 (p

C
 m

m
-1

 M
eV

-1
)

Plasma on

-2
-1
0
1
2

x 
(m

m
)

Single-shot statistics:
Accel. gradient (peak): 1.28 GV/m
Transformer ratio: 1.26
Energy-transfer efficiency: 39%

0.16%
FWHM

0.13%
FWHM

990 1000 1010 1020 1030 1040 1050 1060 1070 1080
Energy (MeV)

0

50

100

150

S
pe

ct
ra

l d
en

si
ty

 (p
C

 M
eV

-1
)

Plasma off
Plasma on
(single shot)
Plasma on, driver
(imaging scan)

990 1000 1010 1020 1030 1040 1050 1060 1070 1080
Energy (MeV)

0

1000

2000

3000

4000

5000

S
ho

ts
 (c

hr
on

ol
og

ic
al

 o
rd

er
)

0

5

10

15

20

25

30

35

40

S
pe

ct
ra

l d
en

si
ty

 (p
C

 M
eV

-1
)

0 0.1 0.2 0.3 0.4
Energy spread (% FWHM)

0

500

1000

1500

S
ho

ts
 / 

0.
02

%

0 10 20 30 40 50
Efficiency (%)

0

500

1000

1500

S
ho

ts
 / 

2.
5%

 Trailing
 bunchDriver 

(a)

 Plasma off

(b)

(c)

(d)

ENERGY-SPREAD-PRESERVING PLASMA WAKEFIELD ACCELERATION

9C.A. Lindstrøm, J.M. Garland, S. Schröder et al., Phys. Rev. Lett. 126, 014801 (2021)

> 0.16% (FWHM) energy spread preserved


> 42% 4% energy-transfer efficiency


> 100% charge coupling

±

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

> 2% energy spread 


> 17.7% 6.3% energy transfer efficiency


> 10% charge coupling
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HIGH-RESOLUTION SAMPLING OF PLASMA WAKEFIELDS

10S. Schröder et al., Nat. Commun. 11, 5984 (2020)

> Characteristic energy spectrum imprinted onto the bunch.


> Progressive tail-collimation samples the wakefield.

Energy spectrum
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FEMTO-SECOND RESOLVED WAKEFIELD MEASUREMENTS
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> 15 fs resolution


> 0.8 GV/m average accelerating fields


> Good agreement with simulation

ENABLING PRECISION OPTIMISATION OF THE ACCELERATION PROCESS

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

z-ct

CHANGING THE PLASMA DENSITY CHANGING THE BEAM LOAD

z-ct z-ctz-ct
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PROVING FIELD FLATTENING VIA OPTIMAL BEAM LOADING 

12

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


> Energy spread preservation.


> Energy transfer efficiency: 42%


> Plasma recovery measurements indicate possible operation with MHz repetition rate.


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

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

S. Schröder et al., J. Phys. Conf. Ser. 1596, 012002 (2020)
C.A. Lindstrøm et al., Phys. Rev. Lett. 126, 014801 (2021)

R. D’Arcy et al., Nature 
603, 58–62 (2022)

C. A. Lindstrøm  
(to be published)

https://www.nature.com/
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