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Plasma is ionized matter

> cannot easily be destroyed any further 
> can sustain extreme electric field

Plasma wakefield acceleration in a nutshell

2

Plasma target

High-energy
electron bunch

+
Low-energy

electron bunch

+

DriverWitness

Beam →    plasma wakefield acceleration (PWFA)
Laser →    laser wakefield acceleration (LWFA)

Energy transfer via plasma

http://plasma.desy.de


Jens Osterhoff  |  plasma.desy.de  |  PANIC, Hamburg  |  August 26, 2014  |  Page 00 

High-intensity laser pulse

laser pulse
Depleted 

Plasma is ionized matter

> cannot easily be destroyed any further 
> can sustain extreme electric field

Plasma wakefield acceleration in a nutshell

2

Plasma target

High-energy
electron bunch

+
Low-energy

electron bunch

+

DriverWitness

Beam →    plasma wakefield acceleration (PWFA)
Laser →    laser wakefield acceleration (LWFA)

Energy transfer via plasma

http://plasma.desy.de


Jens Osterhoff  |  plasma.desy.de  |  PANIC, Hamburg  |  August 26, 2014  |  Page 00 

Plasma wakefield acceleration in a nutshell
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Charge density

PlasmaBeam

Driver

Electron-depleted cavity

vwave ≈ vg ≤ c

Accelerating & 
focussing forces

λp

E ⇡ mc!p

e
⇡ (96 V/m)

q
ne[cm

�3]

e.g. E ≈ 100 GV/m (for ne ≈ 1018 cm-3)

Electric field strength

Structure size

e.g. λp ≈ 33 µm (for ne ≈ 1018 cm-3)

�p ⇡ 2⇡c

!p
⇡ (33 km)

q
n�1
e [cm�3]

GeV energy gain over cm

→ W.P. Leemans et al., 
Nature Physics 2, 696 (2006)

Bunch length in the µm range

→ O. Lundh et al., 
Nature Physics 7, 219 (2011)
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We are still in the inflation phase after 
the big bang of plasma accelerator science
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is expanding
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> Total peak power of operational  
high-intensity lasers in 2010 is ~11.5 PW

> Expected total peak power in operation in 2015 is ~127 PW
> Majority of these systems support an LWFA research program
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> Total peak power of operational  
high-intensity lasers in 2010 is ~11.5 PW

> Expected total peak power in operation in 2015 is ~127 PW
> Majority of these systems support an LWFA research program
> Only two sites with experimental PWFA research,  

plus three labs to enter the scene in 2015/2016

SLAC

BNL

DESY

LNF

CERN

http://plasma.desy.de


Jens Osterhoff  |  plasma.desy.de  |  PANIC, Hamburg  |  August 26, 2014  |  Page 00 

Community objective is to make plasma technology applicable
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now

within a decade or two…

plasma-acceleration experiments

first usable plasma-based accelerators

Main objective

Hope miniaturization entails a reduction in construction cost, proliferation of accelerators

Applications first photon sources, then HEP
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General considerations for a plasma-based particle collider
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> Overall average acceleration gradient must be significantly higher than for conventional machines 
- gradient of > 1 GV/m on average implies < 1 km/TeV 

> Beams must feature sufficient luminosity and energy determined by physics 

> Luminosity requires beam power 

> Technology must allow for sufficient efficiency

Pbeam =
4⇡�2

⇤
N

LEcm

Pwall =
Pbeam

⌘

High wall-plug efficiency 
(energy transfer to driver → to plasma → to witness)

Excellent focussability 
(low emittance and energy spread)

High charge

http://plasma.desy.de
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Straw-man design of a TeV-class LWFA-based linear collider
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→ W.P. Leemans and E. Esarey, 
Physics Today (March 2009)

Design based on 
> 100x 10 GeV stages driven by a PW laser at ne ≈ 1017 cm-3

http://plasma.desy.de
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Straw-man design of a TeV-class LWFA-based linear collider
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→ W.P. Leemans and E. Esarey, 
Physics Today (March 2009)

Design based on 
> 100x 10 GeV stages driven by a PW laser at ne ≈ 1017 cm-3

Challenges / required R&D

> Single acceleration module 
deliver consistent beam quality  
           → emittance, energy, energy spread, charge  
efficient energy transfer of driver to witness

http://plasma.desy.de
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Coupling efficiency and energy spread 
require improvement beyond state-of-the-art

9

State-of-the-art for a single acceleration module 
- Energy measured up to 4.25 GeV, up to 10 GeV expected  
→ BELLA, LBNL, W.P. Leemans at NA-PAC 2013 

- Transverse normalized emittance down to 0.1 µm  
→ G.R. Plateau et al., PRL 109, 064802 (2012). R. Weingartner et al., PRSTAB 15, 111302 (2012) 

- Energy spread ~1% level 
- Charge ~100 pC 
- Efficiency of energy transfer laser-to-beam ~1%

→ idea by T. Katsouleas et al., Particle Accelerators 22, 81 (1987)

Beam loading in near-hollow plasma channels:  
use shaped bunches to eliminate energy spread

I = (1 + ⇣/Lb)Ib

-6 -4 -2 0 2 4 6
-1.0

-0.5

0.0

0.5

1.0

Ramped triangular current distribution :

no
rm

al
iz

ed
 fi

el
d 

am
pl

itu
de

normalized distance behind driver, kw (z-ct)

constant accelerating field

EzL

Ezb

EzL + Ezb

' = ⇡/3

Ez/Ew = ÊL/2
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15

beam charge:

lower plasma density, 
higher beam charge

Nb / n�1/2
w

‣ Energy spread minimized using shaped beams
Katsouleas et al., PA (1987) 

‣ Trade-off between gradient and 
efficiency (for no induced energy spread)
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solution: optimization by witness shaping, beam loading
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Straw-man design of a TeV-class LWFA-based linear collider
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→ W.P. Leemans and E. Esarey, 
Physics Today (March 2009)

Design based on 
> 100x 10 GeV stages driven by a PW laser at ne ≈ 1017 cm-3

Challenges / required R&D

> Single acceleration module 
deliver consistent beam quality  
           → emittance, energy, energy spread, charge  
efficient energy transfer of driver to witness
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Straw-man design of a TeV-class LWFA-based linear collider

10

→ W.P. Leemans and E. Esarey, 
Physics Today (March 2009)

Design based on 
> 100x 10 GeV stages driven by a PW laser at ne ≈ 1017 cm-3

Challenges / required R&D

> Single acceleration module 
deliver consistent beam quality  
           → emittance, energy, energy spread, charge  
efficient energy transfer of driver to witness

> Positron acceleration

http://plasma.desy.de
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Quasi-linear wakefields allow for positron acceleration
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Figure 1.4: y-z slice plane of Ez field compo-
nent of a 3D PIC-simulation with a0 = 0.5
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nent of a 3D PIC-simulation with a0 = 1.5
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Figure 1.7: y-z slice plane of Ey field compo-
nent of a 3D PIC-simulation with a0 = 1.5

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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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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Quasi-linear wakefields allow for positron acceleration
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provide the mechanism of the electron placement in the accelerating phase of the wakefield.
This inherent injection is called self-injection.
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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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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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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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focussing phase for e+

longitudinal field

quasi-linear plasma wave

transverse field

usable phase

→ needs to be experimentally confirmed, no active research?
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Straw-man design of a TeV-class LWFA-based linear collider

13

→ W.P. Leemans and E. Esarey, 
Physics Today (March 2009)

Design based on 
> 100x 10 GeV stages driven by a PW laser at ne ≈ 1017 cm-3

Challenges / required R&D

> Single acceleration module 
deliver consistent beam quality  
           → emittance, energy, energy spread, charge  
efficient energy transfer of driver to witness

> Positron acceleration
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Coupling of plasma stages: preservation of beam emittance

Time step 1 Time step 3Time step 2Slice rotation speeds vary 
along electron bunch
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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

12

E
x

E0x 
[c

 / 
ω p

]

z [c / ωp]

Beam focusing forces 
(in x) vary in plasmas in z 

✏ =
q

hx2ihx02i � hxx0i2

x

0 = p

x

/p

z

with

e-

transverse field

http://plasma.desy.de


Jens Osterhoff  |  plasma.desy.de  |  PANIC, Hamburg  |  August 26, 2014  |  Page 00 

Coupling of plasma stages: beam matching required

15

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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Straw-man design of a TeV-class LWFA-based linear collider

16

→ W.P. Leemans and E. Esarey, 
Physics Today (March 2009)

Design based on 
> 100x 10 GeV stages driven by a PW laser at ne ≈ 1017 cm-3

Challenges / required R&D

> Single acceleration module 
deliver consistent beam quality  
           → emittance, energy, energy spread, charge  
efficient energy transfer of driver to witness

> Coupling of two plasma stages 
laser in-coupling → accelerator length  
electron beam extraction and injection → beam quality preservation

> Positron acceleration
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Physics Today (March 2009)

Design based on 
> 100x 10 GeV stages driven by a PW laser at ne ≈ 1017 cm-3

Challenges / required R&D

> Laser system 
high peak power,  
high average power + efficiency

> Single acceleration module 
deliver consistent beam quality  
           → emittance, energy, energy spread, charge  
efficient energy transfer of driver to witness

> Coupling of two plasma stages 
laser in-coupling → accelerator length  
electron beam extraction and injection → beam quality preservation

> Positron acceleration
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Efficiency and average-power requirements 
demand a quantum leap in laser technology

17

confer C.B. Schroeder et al., Phys. Rev. STAB 13, 101301 (2010)Required power per particle beam Pb ≈ 5 MW 
Maximum power from the grid PAC ≈ 200 MW 

→ Need 5% wallplug efficiency

> Efficiency laser to plasma wave ∼50% 
> Efficiency plasma wave to beam ∼30%

confer B. Shadwick et al., Phys. Plasmas 16, 056704 (2009)

from simulations

→ Expected laser-to-beam efficiency of 15%

→ Requires wallplug-to-laser efficiency of 33%
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→ Expected laser-to-beam efficiency of 15%
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With 10 GeV modules ×50 and total energy per beam ~300 J 
→ 6 J energy gain per module 
→ 40 J laser energy per module at ~17 kHz repetition rate 
→ 680 kW average laser power required
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With 10 GeV modules ×50 and total energy per beam ~300 J 
→ 6 J energy gain per module 
→ 40 J laser energy per module at ~17 kHz repetition rate 
→ 680 kW average laser power required

Modern 1 PW lasers: ≪ 1% wallplug efficiency, 100 W average power
→ Current roadblock for LWFA colliders.
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→ Expected laser-to-beam efficiency of 15%

→ Requires wallplug-to-laser efficiency of 33%

With 10 GeV modules ×50 and total energy per beam ~300 J 
→ 6 J energy gain per module 
→ 40 J laser energy per module at ~17 kHz repetition rate 
→ 680 kW average laser power required

Modern 1 PW lasers: ≪ 1% wallplug efficiency, 100 W average power
→ Current roadblock for LWFA colliders.

ICAN Project
G. Mourou et al., 

Nature Photonics 7, 258 (2013)

High-peak and high-average power,  
high-efficiency lasers based on fibers
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Concept for a 10 TeV PWFA-based linear collider

18→ E. Adli et al., SLAC-PUB-15426 (2013)
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Concept for a 10 TeV PWFA-based linear collider

18→ E. Adli et al., SLAC-PUB-15426 (2013)

    
Figures 2a and 2b: Linear colliders wall plug power 
consumption and figure of merit defined as the ratio of 
the wall plug power consumption to total luminosity 

Pulsed  and  After-Burner  Modes  with  
Application  to  ILC  Energy  Upgrade 

Thanks to the flexibility of the interval between 
bunches, the PWFA technology can also be used in a 
pulsed mode to accelerate a beam with parameters and 
train structure similar to the one of the ILC except for the 
bunch length which is reduced by a factor 15 from 300 to 
20 microns.  After beam acceleration up to an initial 
energy with ILC technology, the beam could be further 
accelerated with PWFA technology at low cost and high 
efficiency. Alternatively and as first step of the ILC 
energy upgrade, the PWFA technology could be used as 
an ILC after-burner: Each ILC bunch would be split in 
two, one with 2/3 of the charge used as drive bunch and a 
second with 1/3 of the charge used as main bunch. The 
ILC beam energy could then be doubled without any 
drive beam injector complex and without substantial 
additional power (Table 2). Replacing the last 250 meters 
of ILC structures by PWFA allows TeV beam collisions 
without extension of the ILC tunnel (Figure 3). The ILC 
energy upgrade could then be pursued by adding a drive 
beam injector and progressive replacement of ILC 
structures by PWFA. 

Table  1:  Major  PWFA-LC  beam  parameters 

 

  Table  2:  ILC  energy  upgrade  by  PWFA  after-burner 

 

 
Figure 3: ILC energy upgrade by PWFA technology in 
the 500 GeV ILC tunnel (a), in after-burner mode (b), in 
the extreme case of PWFA technology use only (c). 

MAJOR  ISSUES  AND  R&D 
The PWFA-LC concept is based on novel technology 

with key beam and plasma physics challenges, which 
remain to be carefully studied before the concept 
presented above can be validated, in particular:  
x Beam acceleration with small energy spreads,  
x High beam loading with both electrons and positrons,  
x Development of a concept for positron acceleration 

with high beam brightness,  
x Electron beam emittance preservation and mitigation 

of effects resulting from ion motion, Positron beam 
emittance preservation and mitigation of effects 
resulting from plasma electron collapse, 

x Beam quality preservation with betatron radiation 
energy loss especially large at high energy 

x Transverse and longitudinal tolerances  
x Average  bunch  repetition  rates  in  the  10’s  of  kHz,  
x Synchronization of multiple plasma stages and effect 

of alignment errors between stages,  
x Optical beam matching between plasma acceleration 

stages and from plasma to beam delivery systems.  
x Magnetic chicane with a delay of 2ns for relative 

phasing of the drive and main bunches  
Promising performances of up to 50 GV/m fields have 

already been demonstrated [3]. Critical issues are 
presently being addressed by extensive R&D and 
experimental facilities such as FACET [4] presently and 
FACET2 [5] in the future with excellent performances 
already demonstrated in field, momentum spread and 
power transfer efficiency [6] as summarized below.  

Parameter Unit ILC ILC ILC + 
PWFA

Energy (cm) GeV 500 1000 PFWA = 
500 to 1000

Luminosity (per IP) 1034cm-2s-1 1.5 4.9 2.6

Peak (1%)Lum(/IP) 1034cm-2s-1 0.88 2.2 1.3

# IP - 1 1 1

Length km 30 52 30

Power (wall plug) MW 128 300 175

Lin. Acc. grad.(p/eff) MV/m 31.5/25 36/30 7600/1000

# particles/bunch 1010 2 1.74 0.66

# bunches/pulse - 1312 2450 2450

Bunch interval ns 554 366 366

Pulse repetition rate Hz 5 4 15

Beam power/beam MW 5.2 13.8 13.8

Norm Emitt (X/Y) 10-6/10-9radm 10/35 10/30 10/30

Sx, Sy, Sz at IP nm,nm,Pm 474/5.9/300 335/2.7/225 286/2.7/20

Crossing angle mrad 14 14 14

Av # photons - 1.70 2.0 0.7

Gb beam-beam % 3.89 9.1 9.3

Upsilon - 0.03 0.09 0.52> Possibility of an ILC upgrade
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Concept for a 10 TeV PWFA-based linear collider

18→ E. Adli et al., SLAC-PUB-15426 (2013)
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from 2025, starting with single stage evolving gradually towards multi–stages 
accelerations studies. 

x If successful, the PWFA technology could be considered as a possible candidate for 
ILC energy upgrade from 2030 (if requested by Physics at the time). 

 
Figure 6: Tentative PWFA schedule for R&D and possible applications 
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11.  Conclusion 
 
Beam driven Plasma wake-Field Accelerators (PWFA) provides a very attractive 
novel technology with large accelerating fields and excellent power efficiency for a 
number of applications ranging from Photon science to High Energy Physics with a 
broad range of energy from HIGGS factory to Multi-TeV. 
Many of the critical issues are being addressed at the FACET test facility at SLAC and 
the remaining issues may be addressed in the proposed FACET-II facility. Together 
these facilities will carry out the specific R&D aimed at a feasibility assessment 
within a decade. The promising PWFA technology may then be used for applications 
with strong physics interest and gradually increasing complexity in a staged 
approach. An informed decision about possible low energy applications could be 
made soon after critical issues will have been addressed in FACET-II starting to 
operate by 2018. Such low energy applications with possible use by 2025 would 
help to further develop and validate the technology by integration of the various 
systems and to get operational experience which is necessary before a more 
complex or higher energy application can be envisioned by about 2031.   
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Challenges / required R&D

→ E. Adli et al., SLAC-PUB-15426 (2013)

> Single acceleration module 
deliver beam quality 
efficient energy transfer

> Coupling of two plasma stages 
beam extraction and injection 
→ beam quality preservation

> Positron acceleration
extensive research program 
at FACET, SLAC, just started

extensive research program 
at FLASHForward, DESY, to start in 2016
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Acceleration results from FACET, SLAC
Witness bunch

> 70 pC 
> accelerated by 1.7 GeV with gradient of 5 GV/m in plasma 
> energy transfer from wake to beam of up to 30%

8 

2013: Acceleration of a Discrete Bunch of Electrons 

M. Litos, AAC 2014 – San Jose, CA 

• 70 pC accelerated 

• Mean energy gain: 1.7 GeV 

• Mean energy spread ~2% 

• Gradient of ~5 GeV/m 

• Mean wake-to-bunch energy 

transfer efficiency 18% 

Spectrally dispersed final beam 
High efficiency energy transfer of up to 30% measured

State-of-the-art 
- Energy up to ~85 GeV 
→ I.Blumenfeld et al., Nature 445, 741 (2007) 

- Transverse normalized emittance not well characterized 
- Energy spread ~1% level 
- Charge ~100 pC

by M. Litos, talk at AAC 2014

optimizable by witness beam shaping}
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FLASHForward‣‣
Future-oriented wakefield-accelerator research and development at FLASH

Technical design in progress 
Operation to start in ~2016, run for 4 years+

21

FLASH 1 FEL

FLASH 2 FEL
Extraction Differential 

pumping

Driver dump

Beam diagnostics section

Laser/plasma 
photon diagnostics

Pl
as

m
a 

ce
ll

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

Research goals

> controlled in-coupling and release for future staged plasma acceleration schemes 
> generation of multi-GeV, < 100 nm transverse normalized emittance, ~1 fs duration, 

and > 1 kA current electron bunches over acceleration distances of ~10 cm 
> to drive a free-electron laser for proof of beam quality



Jens Osterhoff  |  plasma.desy.de  |  PANIC, Hamburg  |  August 26, 2014  |  Page 00 

Summary and conclusion

22

> Plasma-based acceleration has made enormous progress during the last decade 

> Two basic collider concepts, one beam-driven, one laser-driven, have been put forward 

> Concepts are intriguing, considerable challenges have to be overcome to make them work 

> Required basic R&D includes 
> Beam-quality improvement, reduction in energy spread 
> Staging and beam-quality preservation, maintain high average gradient 
> Positron capturing and acceleration 
> Increase of coupling efficiency of driver-to-beam 
> LWFA: efficient, high-average, high-peak power laser technology 

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


