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Basics of plasma-based particle acceleration

Wake excitation
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Basics of plasma-based particle acceleration

Wake excitation Electron injection
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The most simple (and common) experimental setup

High-intensity laser pulse

Gas target

Electron bunch
E ~ MeV - GeV
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Laser pulse

Electron-depleted cavity

Laser excitation of strong plasma waves

> Intense laser-pulse from left to right

> Pushes away electrons by its 
ponderomotive force (ions are too 
heavy, hardly move)

> Creates electron-depleted cavity 
and sets up charge separation

> Strong electrostatic fields pull back 
electrons on axis

> Electrons oscillate and create co-
propagating wakefield

3D particle-in-cell (PIC) sim
ulation
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Numerical solution for the scalar wake potential
for a Gaussian laser-pulse envelope 1d in space

3d in momentum

6

Temporal laser-pulse shape in intensity

I.IV Laser propagation in underdense plasma 23

From this, it follows that C ⇥ = �1 and C ⇥⇥ = �g. Now, (1.4.13) and (1.4.14) become:

⌅0 = ⇥ (1� �g�x)� 1 (1.4.15)

n0 = �g
�g � �x

(1.4.16)

Owing to the fixed electro-magnetic fields on the fluid timescale, the wakefield quantities can
be given independently of the laser evolution only depending on the normalized amplitude a0.
The square of (1.4.15) yields after utilizing (1.4.9) and introducing ⇥g = (1� �g)�1/2:

⇥ = ⇥2
g (1 + ⌅0) (1� �g⇧) with ⇧ =

����1� 1 + a20
⇥2

g (1 + ⌅0)2

This explicit expression for ⇥ allows to solve (1.4.15) for �x:

�x = �g � ⇧
1� �g⇧

(1.4.17)

That result may be used to eliminate �x from (1.4.16) to obtain the sought-after expression:

n0 = ⇥2
g�g

�
1
⇧
� �g

⇥

(1.4.18)

Numerical solution and discussion of the results

Finally, this leads to a set of di↵erential equations, which details the temporal and spatial
evolution of electron density and electric potentials in a laser-driven plasma wake. The total
scalar potential is determined by Poisson’s equation (1.4.8), which can be written as:

⌥2⌅0
⌥⇤2

=
⌃2

p
c2

(n0 � 1)

=
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p
c2
⇥2

g

⇧

  ⌥
�g (1 + ⌅0)2

↵
(1 + ⌅0)2 � 1+a2

0
�2g

� 1

⌃

⌦⌦�

(1.4.19)

This is a nonlinear ordinary di↵erential equation and can be solved numerically. When applying
the QSA for the case of �g ⇥ 1, (1.4.19) transforms into:

⌥2⌅0
⌥⇤2

=
⌃2

p
2c2

⇤
1 + a20

(1 + ⌅0)2 � 1
⌅

(1.4.20)

Once ⌅0 is determined, �x and n0 are easily calculated with the help of (1.4.17) and (1.4.18).
An example of a relativistic laser-driven plasma wake is depicted in figure 1.4.1. There, the
wakefield quantities ⌅0, n0 and the normalized longitudinal electric field e0 = �c⌃�1

p ⌥⌅0(⌥⇤)�1

display typical behavior for the relativistic regime such as spiked electron-density maxima at
the local minima of the electric potential and almost linear electric fields trailing those spikes.
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Numerical solution for the scalar wake potential
for a Gaussian laser-pulse envelope 1d in space

3d in momentum

Intensity profile

Longitudinal electric field
Electron density

Scalar potential
a0 = 0.5 Linear regime

6

Temporal laser-pulse shape in intensity

I.IV Laser propagation in underdense plasma 23

From this, it follows that C ⇥ = �1 and C ⇥⇥ = �g. Now, (1.4.13) and (1.4.14) become:

⌅0 = ⇥ (1� �g�x)� 1 (1.4.15)

n0 = �g
�g � �x

(1.4.16)

Owing to the fixed electro-magnetic fields on the fluid timescale, the wakefield quantities can
be given independently of the laser evolution only depending on the normalized amplitude a0.
The square of (1.4.15) yields after utilizing (1.4.9) and introducing ⇥g = (1� �g)�1/2:

⇥ = ⇥2
g (1 + ⌅0) (1� �g⇧) with ⇧ =

����1� 1 + a20
⇥2

g (1 + ⌅0)2

This explicit expression for ⇥ allows to solve (1.4.15) for �x:

�x = �g � ⇧
1� �g⇧

(1.4.17)

That result may be used to eliminate �x from (1.4.16) to obtain the sought-after expression:

n0 = ⇥2
g�g

�
1
⇧
� �g

⇥

(1.4.18)

Numerical solution and discussion of the results

Finally, this leads to a set of di↵erential equations, which details the temporal and spatial
evolution of electron density and electric potentials in a laser-driven plasma wake. The total
scalar potential is determined by Poisson’s equation (1.4.8), which can be written as:

⌥2⌅0
⌥⇤2

=
⌃2

p
c2

(n0 � 1)

=
⌃2

p
c2
⇥2

g

⇧

  ⌥
�g (1 + ⌅0)2

↵
(1 + ⌅0)2 � 1+a2

0
�2g

� 1

⌃

⌦⌦�

(1.4.19)

This is a nonlinear ordinary di↵erential equation and can be solved numerically. When applying
the QSA for the case of �g ⇥ 1, (1.4.19) transforms into:

⌥2⌅0
⌥⇤2

=
⌃2

p
2c2

⇤
1 + a20

(1 + ⌅0)2 � 1
⌅

(1.4.20)

Once ⌅0 is determined, �x and n0 are easily calculated with the help of (1.4.17) and (1.4.18).
An example of a relativistic laser-driven plasma wake is depicted in figure 1.4.1. There, the
wakefield quantities ⌅0, n0 and the normalized longitudinal electric field e0 = �c⌃�1

p ⌥⌅0(⌥⇤)�1

display typical behavior for the relativistic regime such as spiked electron-density maxima at
the local minima of the electric potential and almost linear electric fields trailing those spikes.



Jens Osterhoff  |  Deutsches Elektronen-Synchrotron DESY  |  May 23, 2012  |  Page 00 

Numerical solution for the scalar wake potential
for a Gaussian laser-pulse envelope 1d in space

3d in momentum

Intensity profile

Longitudinal electric field
Electron density

Scalar potential
a0 = 0.5 Linear regime

a0 = 1.5 Nonlinear regime

6

Temporal laser-pulse shape in intensity

I.IV Laser propagation in underdense plasma 23

From this, it follows that C ⇥ = �1 and C ⇥⇥ = �g. Now, (1.4.13) and (1.4.14) become:

⌅0 = ⇥ (1� �g�x)� 1 (1.4.15)

n0 = �g
�g � �x

(1.4.16)

Owing to the fixed electro-magnetic fields on the fluid timescale, the wakefield quantities can
be given independently of the laser evolution only depending on the normalized amplitude a0.
The square of (1.4.15) yields after utilizing (1.4.9) and introducing ⇥g = (1� �g)�1/2:

⇥ = ⇥2
g (1 + ⌅0) (1� �g⇧) with ⇧ =

����1� 1 + a20
⇥2

g (1 + ⌅0)2

This explicit expression for ⇥ allows to solve (1.4.15) for �x:

�x = �g � ⇧
1� �g⇧

(1.4.17)

That result may be used to eliminate �x from (1.4.16) to obtain the sought-after expression:

n0 = ⇥2
g�g

�
1
⇧
� �g

⇥

(1.4.18)

Numerical solution and discussion of the results

Finally, this leads to a set of di↵erential equations, which details the temporal and spatial
evolution of electron density and electric potentials in a laser-driven plasma wake. The total
scalar potential is determined by Poisson’s equation (1.4.8), which can be written as:

⌥2⌅0
⌥⇤2

=
⌃2

p
c2

(n0 � 1)

=
⌃2

p
c2
⇥2

g

⇧

  ⌥
�g (1 + ⌅0)2

↵
(1 + ⌅0)2 � 1+a2

0
�2g

� 1

⌃

⌦⌦�

(1.4.19)

This is a nonlinear ordinary di↵erential equation and can be solved numerically. When applying
the QSA for the case of �g ⇥ 1, (1.4.19) transforms into:

⌥2⌅0
⌥⇤2

=
⌃2

p
2c2

⇤
1 + a20

(1 + ⌅0)2 � 1
⌅

(1.4.20)

Once ⌅0 is determined, �x and n0 are easily calculated with the help of (1.4.17) and (1.4.18).
An example of a relativistic laser-driven plasma wake is depicted in figure 1.4.1. There, the
wakefield quantities ⌅0, n0 and the normalized longitudinal electric field e0 = �c⌃�1

p ⌥⌅0(⌥⇤)�1

display typical behavior for the relativistic regime such as spiked electron-density maxima at
the local minima of the electric potential and almost linear electric fields trailing those spikes.



Jens Osterhoff  |  Deutsches Elektronen-Synchrotron DESY  |  May 23, 2012  |  Page 00 

Numerical solution for the scalar wake potential
for a Gaussian laser-pulse envelope
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e.g. E ≈ 100 GV/m (for n ≈ 1018 cm-3, a ≈ 1)
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a0 = 1.5 Nonlinear regime
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Transverse wakefield properties 3d in space
3d in momentum

Laser vector potential
Electron density modification
Longitudinal electric field
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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.
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Ey
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Focusing phase

Longitudinal fields
of a quasi-linear plasma wave

Transverse fields
of a quasi-linear plasma wave
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€ 

n n0
!

λp ∝ np-1/2 (~10 μm)

Laser pulse

vwave ≈ vg ≤ c

Resonant
pulse duration �⌧ ⇡ �p

2c

�⌧e ⌧ �p

c

e.g. Δτe ≪ 50 fs
(for n ≈ 5×1018 cm-3, a ≈ 1)

High peak currents:
I ≳ 10 kA (for Q ≈ 100 pC)

Ideal for driving high-brightness 
photon sources

Plasma-based accelerators generate intrinsically short beams

8
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Advantages of plasma acceleration over conventional technology

> High gradients for acceleration > 10 GV/m vs. < 100 MV/m for RF-technology

> Intrinsically short pulse duration of ~10 fs

> Synchronization to other laser-driven particle/photon sources down to sub-fs time scales 
(for laser-driven accelerators)

9
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A short history of laser-plasma acceleration: the start

> Great idea of a theorist!

> But common theorist problem: in reality these lasers could not be build at the time…

10

…they self-destroyed!
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The invention of chirped-pulse amplification → Strickland and Mourou, Opt. Comm. 55, 447 (1985)

11
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The invention of chirped-pulse amplification → Strickland and Mourou, Opt. Comm. 55, 447 (1985)

11

> CPA solved laser
self-destruction problem

> Laser intensities nowadays
into the few 1022 W/cm2

> Technology and physics
understanding took another
10 years to mature before
wavebreaking was observed
→ Modena et al., Nature 377, 606 (1995)
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Laser pulse

Electron depleted cavity

Trapped electrons

Electron self-injection by breaking of the plasma wave

> Laser pulse may undergo self-
focussing and self-compression

> Wave can continuously break in an 
uncontrolled fashion

> Small fluctuations in laser and plasma 
conditions may lead to vastly different 
results

3D particle-in-cell (PIC) sim
ulation

Initial laser pulse
a = 2

λc = 800 nm
Δτ = 25 fs FWHM

w0 = 23 µm FWHM

Plasma density
np ≤ 5×1018 cm-3

12
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Electron self-injection by breaking of the plasma wave
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Self-injection may lead to quasi-monoenergetic features

> Quasi mono-energetic spectral 
features may develop by dephasing 
and dynamic changes in the 
accelerating field profile

> However, broadband spectral tail 
and shot-to-shot fluctuations
hard to avoid

→ Pukhov and Meyer-ter-Vehn, Appl. Phys. B 74, 355 (2002)

14
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A short history of laser-plasma acceleration: dream beams

action length (see Fig. 4). In contrast, at higher densities the
dephasing distance is shorter than the interaction distance, and so
a quasi-maxwellian distribution of electrons emerges from the
plasma (Fig. 2d).

This acceleration mechanism described is supported by particle-
in-cell simulations of the interaction, performed using the code
OSIRIS25 on an eight G5 node “Applecluster” at Imperial College
London. The simulations were performed over the range of our
experimental parameters, and in 2D3V (two spatial but three
momentum and field dimensions.) As previously noted14, 2D3V
simulations can underestimate the maximum electron energies,

owing to reductions in the degrees of freedom for self-focusing and
plasma wave growth. However, they do accurately describe the
phenomenology of the interaction.
As in the experiments, the simulations show that for plasma

densities for which the plasma wavelength is greater than the pulse
length (lp $ ct), a plasma wave is generated, but there is no wave-
breaking. At these low densities the forced laser wakefield mecha-
nism14 is ineffective. But at densities slightly above this threshold, a
noticeable change occurs in the interaction. The generation of the
plasma wave causes self-focusing of the laser pulse away from its
leading edge, owing to the radial density profile of the plasma wave.
It is noted that for short pulses relativistic self-focusing is ineffective
for the front of the pulse26. The laser pulse becomes shaped like a
cone, tapered towards the rear, with a length close to lp. This causes
a feedback mechanism, where the increasing laser intensity towards
the back causes the plasma wave amplitude to grow, which can
further focus the laser pulse. As the plasma wave reaches large
amplitude the longitudinal motion of the electrons in the wave
becomes relativistic, which leads to a lengthening of the plasma
wavelength.
Crucially, as the laser pulse length is now less than the plasma

wavelength, plasma electrons can stream into the plasma wave
transversely behind the laser pulse, where previously they were
excluded by the laser’s ponderomotive force. Because the waveform
is non-sinusoidal, a large number of electrons can be injected into a
particular phase of the plasma wave and experience an accelerating
force. This transverse breaking of the wave reduces the electric field
strength of the plasma wave, thus preventing further injection and
so ensuring an electron bunch localized in position and time. The
transverse injection of electrons can explain why the plasma wave
can break at amplitudes significantly less (E < E0) than the one-
dimensional cold wave-breaking limit, Ewb ¼

ffiffiffi
2

p
ðgp 2 1Þ1=2E0,

where gp is the Lorentz factor associated with the plasma wave
(gp < q0/qpe) (ref. 24).
All of the electrons in this bunch then experience very similar

acceleration as is demonstrated in Fig. 5, until they begin to outrun
the steepened accelerating front of the plasma wave. If the length of

Figure 3Measured electron spectrum at a density of 2 £ 1019 cm23. Laser parameters:

E ¼ 500mJ, t ¼ 40 fs, I < 2.5 £ 1018W cm22. The energy spread is ^3%. The

energy of this monoenergetic beam fluctuated by,30%, owing to variations in the laser

parameters.

Figure 5 Evolution of the energy spectrum of the electrons (integrated over the two-

dimensional simulation box) during a 1mm interaction at a plasma density of

n e ¼ 2.1 £ 1019 cm23. The simulation space was 1,536 £ 1,024 cells (16 cells per l)

with 4 electrons per cell. At the time indicated by the arrow (1) the pulse is self-focused

and some relativistic electrons have appeared, but at quite low energies. The laser pulse

front begins to steepen owing to the forced wakefield mechanism14 and this causes the

wakefield amplitude to grow. At time (2), the plasma wavelength begins to increase

relativistically, and at this point transverse wave-breaking takes place. This bunch

experiences a uniform acceleration to high energy. At later time (3), further plasma

oscillations, behind the initial one, also break transversely, resulting in multiple bunches

of accelerated electrons. As they travel further, these electron bunches begin to

dephase with respect to the plasma wave causing energy spread, just before they leave

the plasma (4).

Figure 4 Plot of dephasing length and cold wave-breaking amplitude versus plasma
density. Simulations show that the dephasing length in a nonlinear plasma wave remains

close to the linear value, L d < 2pcq 2/q pe
3 , owing to competition between the

nonlinearly increasing plasma wavelength, and the decrease in laser pulse group velocity

due to photon deceleration. The dephasing lengths (circles) and wave-breaking

amplitudes (squares) corresponding to the spectra shown in Fig. 2 are indicated; those in

the red shaded region correspond to the spectra that exhibited monoenergetic features,

and those in the blue shaded region correspond to the spectra that exhibited maxwellian

energy distributions. The green line indicates the interaction length observed using

transverse imaging diagnostics.

letters to nature

NATURE |VOL 431 | 30 SEPTEMBER 2004 | www.nature.com/nature 537©  2004 Nature  Publishing Group

Mangles et al., Nature 431, 535 (2004)
Geddes et al., Nature 431, 538 (2004)
Faure et al., Nature 431, 541 (2004)

15
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A short history of laser-plasma acceleration: GeV beams

40 TW laser pulse (3×1018 W/cm2 intensity)
into a plasma of density ne = 4.3×1018 cm-3

→ 30 pC of electrons at ~1 GeV

→ Leemans et al., Nat. Phys. 2, 696 (2006)

3.3 cm

> Plasma channels to increase energy

Average accelerating field strength > 33 GV/m

16
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Strategy towards stable plasma-based electron-beam sources
Electron beam fluctuations originate from

variations in
laser pulse parameters

(spatial and temporal energy profiles, pointing)

variations in
plasma parameters

(mainly three-dimensional density profile)amplified through
nonlinear processes

(laser self-modulation effects, wavebreaking)

17
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Strategy towards stable plasma-based electron-beam sources
Electron beam fluctuations originate from

variations in
laser pulse parameters

(spatial and temporal energy profiles, pointing)

variations in
plasma parameters

(mainly three-dimensional density profile)amplified through
nonlinear processes

(laser self-modulation effects, wavebreaking)
improve control over and stabilize
crucial laser parameters

Influence of intensity-pulse-front tilt:
Popp et al., Phys. Rev. Lett. 105, 215001 (2010)

Influence of laser pointing
Gonsalves et al., Phys. Plasmas 17, 056706 (2010)
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variations in
laser pulse parameters

(spatial and temporal energy profiles, pointing)

variations in
plasma parameters

(mainly three-dimensional density profile)amplified through
nonlinear processes

(laser self-modulation effects, wavebreaking)
develop stable, tailored

plasma sources

Osterhoff et al., Phys. Rev. Lett. 101, 085002 (2008)

improve control over and stabilize
crucial laser parameters

Influence of intensity-pulse-front tilt:
Popp et al., Phys. Rev. Lett. 105, 215001 (2010)

Influence of laser pointing
Gonsalves et al., Phys. Plasmas 17, 056706 (2010)
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A steady-state-flow gas cell stabilizes plasma conditions
J. Osterhoff et al.,

Phys. Rev. Lett. 101, 085002 (2008)

Source beam divergence
0.9 mrad rms

LWFA reproducibility record until 2011

Acceleration results Gas cell

Peak energies
Energy fluctuations

Energy spread
Peak charge

Charge fluctuations
Divergence

Pointing stability
Injection

220 MeV
± 2.5 %

> 2 % RMS
~ 10 pC
±16 %

0.9 mrad RMS
1.4 mrad RMS

~ 100 %

18
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Strategy towards stable plasma-based electron-beam sources
Electron beam fluctuations originate from

variations in
laser pulse parameters

(spatial and temporal energy profiles, pointing)

variations in
plasma parameters

(mainly three-dimensional density profile)amplified through
nonlinear processes

(laser self-modulation effects, wavebreaking)
develop stable, tailored

plasma sources
improve control over and stabilize
crucial laser parameters
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below critical power
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Strategy towards stable plasma-based electron-beam sources
Electron beam fluctuations originate from

variations in
laser pulse parameters

(spatial and temporal energy profiles, pointing)

variations in
plasma parameters

(mainly three-dimensional density profile)amplified through
nonlinear processes

(laser self-modulation effects, wavebreaking)
develop stable, tailored

plasma sources
improve control over and stabilize
crucial laser parameters

a) mildly nonlinear wake → no dark current 
b) control of phase space population by controlled injection:

density downramp injection
Bulanov et al., Phys. Rev. E 58, R5257 (1998); Geddes et al., Phys. Rev. Lett. 100, 215004 (2008)
well-localized ionization injection
Umstadter et al., Phys. Rev. Lett. 76, 2073 (1996); Pak et al., Phys. Rev. Lett. 104, 025003 (2010)
counterpropagating laser pulses
Esarey et al., Phys. Rev. Lett. 79, 2682 (1997); Faure et al., Nature 444, 737 (2006)
external beam injection
Dewa et al., Nucl. Instrum. & Methods Phys. Res. A 410, 357 (1998); Dorchies et al., Phys. Plasmas 6 2903 (1999)

use resonant laser pulses
below critical power
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External beam injection offers maximal control
over phase-space population

Post-acceleration of tailored beams from conventional sources in a plasma allows to
start from a well-characterized, 6d-tunable (space and momentum), stable electron beam
→ shaped and chirped beams to control beam-loading effects and final energy spread
fine-tune the plasma-wave phase-space population
→ gives control over charge, emittance, energy spread
operate the wake in a mildly nonlinear regime (a0 ≈1) and prevent dark-current generation
potentially useful to inject and accelerate other types of charged particles (positrons, muons, protons)

High-intensity laser pulse

Gas target

Electron bunch
E ~ MeV

Electron bunch
∆E ~ MeV - GeV

20
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External beam injection offers maximal control
over phase-space population

Post-acceleration of tailored beams from conventional sources in a plasma allows to
start from a well-characterized, 6d-tunable (space and momentum), stable electron beam
→ shaped and chirped beams to control beam-loading effects and final energy spread
fine-tune the plasma-wave phase-space population
→ gives control over charge, emittance, energy spread
operate the wake in a mildly nonlinear regime (a0 ≈1) and prevent dark-current generation
potentially useful to inject and accelerate other types of charged particles (positrons, muons, protons)

Requirements:
Spatial and temporal 
matching
→ electron bunch length must 
be a fraction of λp
→ transverse size must be 
smaller than transverse wake

Spatial and temporal 
overlap jitter must be 
small

High-intensity laser pulse

Gas target

Electron bunch
E ~ MeV

Electron bunch
∆E ~ MeV - GeV

20
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First external injection experiments planned at REGAE

Electron Diffraction Experiment

REGAE�(Relativistic�Electron�Gun�for�Atomic�Exploration)
Femtosecond�Electron�Diffraction�(FED):Fundamental�information�on�ultra fast�atomic processes
or making�a�molecular�movie,

How to solve SpaceͲcharge�problem?

1) Number�of electrons�per�bunch
Spatial resolution

reversible��process
Time�resolution

2) relativistic electron�beam

Spatial�resolution

Time�resolutionirreversible��process

bunch�current

Electron probe�
beam

sample

Laser�pump�
beam

Courtesy�of G.�Sciaini�( of Toronto)

2DPG/Karlsruhe /March 2011                                                Shima Bayesteh/DESY
Courtesy of G. Sciaini, K. Flöttmann, and D. Miller

Relativistic Electron Gun for Atomic Exploration

RF-accelerator with
E = 5 MeV
ΔE = 33 keV
τ = 14 fs RMS

εn = 0.3 mm mrad
σtrans = 8.5 µm RMS

Q = 1 pC
synch’ed to a Ti:Sa laser

(~10 fs rms accuracy)

21
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First external injection experiments planned at REGAE

Electron Diffraction Experiment

REGAE�(Relativistic�Electron�Gun�for�Atomic�Exploration)
Femtosecond�Electron�Diffraction�(FED):Fundamental�information�on�ultra fast�atomic processes
or making�a�molecular�movie,

How to solve SpaceͲcharge�problem?

1) Number�of electrons�per�bunch
Spatial resolution

reversible��process
Time�resolution

2) relativistic electron�beam

Spatial�resolution

Time�resolutionirreversible��process

bunch�current

Electron probe�
beam

sample

Laser�pump�
beam

Courtesy�of G.�Sciaini�( of Toronto)

2DPG/Karlsruhe /March 2011                                                Shima Bayesteh/DESY
Courtesy of G. Sciaini, K. Flöttmann, and D. Miller

Relativistic Electron Gun for Atomic Exploration

RF-accelerator with
E = 5 MeV
ΔE = 33 keV
τ = 14 fs RMS

εn = 0.3 mm mrad
σtrans = 8.5 µm RMS

Q = 1 pC
synch’ed to a Ti:Sa laser

(~10 fs rms accuracy)

Gas target

Replace with
gas targetCouple in a

high-intensity laser pulse

Accelerate electron bunch to >> 5 MeV

21



Jens Osterhoff  |  Deutsches Elektronen-Synchrotron DESY  |  May 23, 2012  |  Page 00 

Energy gain scalings and single-stage limitations

2 ZR

Laser

Plasma waveguide

1. Laser diffraction: mitigated by transverse plasma density tailoring (plasma channel)
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Energy gain scalings and single-stage limitations

2 ZR

Laser

Plasma waveguide

Capillary discharge plasma waveguides
•Plasma fully ionized for t > 50 ns
•After t ~ 80 ns plasma is in quasi-equilibrium: 

Ohmic heating is balanced by conduction of 
heat to wall

•Ablation rate small: cap. lasts for >106 shots
•np ≈ 1017 - 1019 cm-3

1. Laser diffraction: mitigated by transverse plasma density tailoring (plasma channel)
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Energy gain scalings and single-stage limitations

2 ZR

Laser

Plasma waveguide

Capillary discharge plasma waveguides
•Plasma fully ionized for t > 50 ns
•After t ~ 80 ns plasma is in quasi-equilibrium: 

Ohmic heating is balanced by conduction of 
heat to wall

•Ablation rate small: cap. lasts for >106 shots
•np ≈ 1017 - 1019 cm-3

1. Laser diffraction: mitigated by transverse plasma density tailoring (plasma channel)

In this example:
ZR = 2 mm, guiding over 16 mm, guiding efficiency > 90 %

Karsch, Osterhoff et al., New J. Phys. 9, 415 (2007)
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Energy gain scalings and single-stage limitations
2. Electron-laser dephasing: mitigated by longitudinal plasma density tailoring (plasma taper)

Constant density plasma

⇒ they outrun the accelerating field structure

Laser pulse, plasma wave travel with vwave = vg < c
Electrons travel with ve ≈ c > vwave
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Energy gain scalings and single-stage limitations
2. Electron-laser dephasing: mitigated by longitudinal plasma density tailoring (plasma taper)

Constant density plasma

⇒ they outrun the accelerating field structure

Laser pulse, plasma wave travel with vwave = vg < c
Electrons travel with ve ≈ c > vwave

Rising density plasma

→ Rittershofer et al., Phys. Plasmas 17, 063104 (2010)

Plasma wave phase velocity vwave may be set to ve
⇒ electrons can be phase locked 
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Energy gain scalings and single-stage limitations
3. Laser depletion: energy loss into plasma wave excitation

10
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4 Single-stage laser energy
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by courtesy of
C. B. Schroeder et al., AAC Proc. (2010)

Coefficients determined 
from PIC simulations in the 
quasi-linear regime (a0 = 1.5)
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Envisioning a TeV-class LPA-based linear collider

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

Design based on
• 10 GeV LPA modules at ne ≈ 1017 cm-3

• quasi-linear wake: e- and e+, wake control
• staging and coupling modules

25
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Envisioning a TeV-class LPA-based linear collider

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

Design based on
• 10 GeV LPA modules at ne ≈ 1017 cm-3

• quasi-linear wake: e- and e+, wake control
• staging and coupling modules

Size of accelerator?
Laser technology requirements?

25
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Accelerator length is determined by staging technology

Lacc

Lstage

Lc

mirror

accelerator module accelerator module

laser

Lc determined by employed laser coupling method
(0.01 to 10.00 m per stage)

→ largely dictates multi-stage accelerator length

Lacc fixed by laser and plasma properties
(0.1 to 1.0 m per stage)

26



Jens Osterhoff  |  Deutsches Elektronen-Synchrotron DESY  |  May 23, 2012  |  Page 00 

Accelerator length is determined by staging technology

Lacc

Lstage

Lc

mirror

accelerator module accelerator module

laser

Lc determined by employed laser coupling method
(0.01 to 10.00 m per stage)

→ largely dictates multi-stage accelerator length

Lacc fixed by laser and plasma properties
(0.1 to 1.0 m per stage)

→ Schroeder et al., AIP Conf. Proc. 1086, 208 (2009)

Number of stages: Nstage ∝ n

Development of compact staging technology critical to collider application

26
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Plasma mirrors allow for compact staging modules
Conventional optics approach - stage length determined by damage threshold of final laser optic

Petawatt laser

Petawatt laser
~5 to 10 m

(given by mirror damage threshold)

Conventional mirror
Stage n Stage n+1

Beam transport

Tape model

27
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Plasma mirrors allow for compact staging modules
Conventional optics approach - stage length determined by damage threshold of final laser optic

Petawatt laser

Petawatt laser
~5 to 10 m

(given by mirror damage threshold)

Conventional mirror
Stage n Stage n+1

Beam transport

Tape model

27

High laser intensity (1016 W/cm2) generates a smooth, critical density plasma surface
→ minimizes Lc ≈ 0.005 to 0.100 m
Crucial points:
• Renewable mirror surface required → Optically flat liquid jet or tape drive
• High demands on temporal laser contrast

Plasma-optics approach - minimizing stage length relies on destruction of final laser mirror

→ Sokollik et al., AIP Conf. Proc. 1299, 233 (2010)
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Efficiency and average-power requirements
demand a quantum leap in laser technology

 1 TeV LPA collider design

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

 1 TeV LPA collider design

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%
confer Shadwick et al., Phys. Plasmas 16, 056704 (2009)•
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 1 TeV LPA collider design

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

Efficiency plasma wave to beam ∼30%
from PIC simulations•

⇒ Laser-to-beam efficiency ∼15% (measurements required!)
⇒ Need grid-to-laser efficiency of ∼33%
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Efficiency and average-power requirements
demand a quantum leap in laser technology

 1 TeV LPA collider design

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

Efficiency plasma wave to beam ∼30%
from PIC simulations•

⇒ Laser-to-beam efficiency ∼15% (measurements required!)
⇒ Need grid-to-laser efficiency of ∼33%

Efficiency of modern 1 PW lasers ≪ 1%
However: such laser are not optimized for 
efficiency. Fiber technology and diode 
pumping may increase efficiency by orders 
of magnitude. Fiber lasers have 
demonstrated up to 60%.
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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%
confer Shadwick et al., Phys. Plasmas 16, 056704 (2009)•

Efficiency plasma wave to beam ∼30%
from PIC simulations•

⇒ Laser-to-beam efficiency ∼15% (measurements required!)
⇒ Need grid-to-laser efficiency of ∼33%

Efficiency of modern 1 PW lasers ≪ 1%
However: such laser are not optimized for 
efficiency. Fiber technology and diode 
pumping may increase efficiency by orders 
of magnitude. Fiber lasers have 
demonstrated up to 60%.

With 10 GeV modules × 50, total energy per beam ~300 J
⇒ 6 J energy gain per module
⇒ 40 J laser energy per module at 15 kHz repetition rate
⇒ 600 kW average laser power required
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Particle-driven plasma wakefield schemes: electron beams
> Plasma wakefields may be excited by high-current-density particle beams

> Wall-plug efficiency much higher than laser-driven acceleration in plasma

> Technique first proposed in 1956!
→ Y. B. Fainberg et al., Fizika Plazmy 20, 674 (1956)

> Most significant result: energy doubling of 42 GeV SLAC linac beam
→ I. Blumenfeld et al., Nature 445, 741 (2007)

Figure 3: Particle-in-cell simulation of the ramped bunch
of Fig. 2(c) in a pre-ionized plasma of density n0 =
1.2 × 1017cm−3 showing (a) drive beam and plasma elec-
tron density (in orange and blue respectively) and (b) axial
electric field as functions of z normalized to the plasma
skin depth.

ified optics is shown in Fig. 2(b). Collimation has been
used to remove the high and low-energy tails, resulting in
a 63 % loss in total charge (from 3 nC to 1.1 nC). The
resulting current profile is shown in Fig. 2(c). A particle-
in-cell simulation using the UCLA-based code QUICKPIC
of the current profile from Fig. 2(c) propagating in a pre-
ionized plasma of density n0 = 1.2 × 1017cm−3 is shown
in Fig. 3. The color contour plot in Fig. 3(a) shows drive
bunch electron density in orange (propagating to the right)
and plasma electron density in blue. The strong radial elec-
tric field of the drive bunch expels plasma electrons from
its path, producing a set of rarified ion bubbles (shown in
white) characteristic of the plasma wake in the so-called
blowout regime, where the drive bunch density n b is much
larger than the plasma density n0. For the case of Fig. 3,
nb/n0 = 23. From the linear theory for a triangular current
profile of length L, the transformer ratio is approximately
R ≈ kpL/2 = 5. This is surprisingly consistent with the
value obtained by dividing the peak accelerating field by
the peak decelerating field from the longitudinal electric
field profile in Fig. 3(b), R = E+/E− ≈ 6, even though
the simulated case is highly nonlinear.

IMPROVED OPTICS

We note that the isochronous optical configuration of the
prior section was derived independently of the canonical

Figure 4: Symmetric beta functions in the FACET chicane
for (a) R56 = 4 mm and (b) R56 = 0 cases with same in-
put/output Twiss parameters, obtained using alternate lat-
tice configuration.

lattice configuration for generation of high peak current
single and double bunches described in Ref. [5], and thus
requires very different matching conditions at the chicane
entrance. Ideally one would like to be able to switch be-
tween the various experimental modes of operationwithout
having to retune the upstream matching optics. To derive
an isochronous configuration compatible with this scheme,
the chicane lattice was re-optimized via a matching algo-
rithm using the beam optics code MAD8. A set of chi-
cane quadrupole current values was thereby derived which
allows for continuous adjustment of the longitudinal dis-
persion (R56) from -10 mm to 0 without modification of
the upstream or downstream optics. This constitutes an ex-
tension of previously obtained canonical optics designed to
allow such variation between -10 mm and -4 mm in order
to switch between the single and double bunch (drive + wit-
ness) scenarios [6]. ELEGANT simulations of the resulting
beta functions for the R56 = 4 mm (high peak current sin-
gle bunch) and R56 = 0 (ramped bunch) cases are shown
respectively in Fig. 4(a) and (b). The current profile and
expected transformer ratio for the R56 = 0 case with this
configuration were found to be equivalent to those of Fig.
2(c).
In developing a continuous knob to vary the R 56 of

the chicane, the question naturally arises whether an
isochronous configuration is optimal for maximizing the
transformer ratio. By extending the R56 to positive values,
and thereby decompressing the bunch, one could produce
a longer ramp, with higher transformer ratio, but at the ex-
pense of decreased peak current. In addition, sextupoles
magnets in the existing design could potentially be used
to impose a quadratic transformation on the longitudinal
phase space (via the second order longitudinal dispersion,
or T566) to enhance the triangular shape of the bunch. To
serve as a metric for the triangularity of the bunch, the cur-
rent profile was fitted to a function consisting of two Gaus-
sians of equal amplitude, joined at their peaks but with dif-
ferent fitted sigmas (σ1 for the head and σ2 for the tail of
the bunch).
The canonical input phase space distribution at the

FACET chicane entrance was then artificially manipulated
via a first and second order matrix transformation using
Mathematica. The values of the R56 and T566 were then
scanned over a range of values (−3 mm to +3 mm and
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owing to energy conservation
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requires very different matching conditions at the chicane
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rithm using the beam optics code MAD8. A set of chi-
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and thereby decompressing the bunch, one could produce
a longer ramp, with higher transformer ratio, but at the ex-
pense of decreased peak current. In addition, sextupoles
magnets in the existing design could potentially be used
to impose a quadratic transformation on the longitudinal
phase space (via the second order longitudinal dispersion,
or T566) to enhance the triangular shape of the bunch. To
serve as a metric for the triangularity of the bunch, the cur-
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owing to energy conservation

> Accelerators at the energy frontier will require
large conventional facilities or/and many stages

> …or the use of heavier particles as drivers that can be prepared in ring accelerators
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Particle-driven plasma wakefield schemes: proton beams
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Figure 3 | Evolution of the proton bunch and electron bunch in the plasma. a–h, Snapshots of the combined longitudinal phase space of the driver and the
witness bunches (energy versus coordinate) (a–d) and corresponding energy spectra (e–h). The snapshots are taken at acceleration distances L = 0, 150,
300, 450 m. The electrons are shown as blue points and the protons are depicted as red points.

channel, it is seen that the tail of the proton bunch loses significant
amounts of energy, while the electron bunch picks up energy.
Figure 3e–h shows the energy spectra of the driver and of thewitness
bunches at the chosen locations along the plasma channel.

The mean energy of the electron bunch as a function of the
distance along the channel is shown in Fig. 4. After 450m of
acceleration, the electron bunch reaches a mean energy of 0.62 TeV
per electron. The spread in the electron energy is also shown in
Fig. 4, and is about 1% at the highest energies. This value could
probably be improved with optimization of the witness bunch
shape. The overall energy conversion from the driver bunch to the
witness bunch after this distance was nearly 10% with nearly 100%
of injected electrons present in the accelerated bunch. As can be
clearly seen in Fig. 3a–d, the proton-bunch phase space changes
considerably over the length of the channel, and the acceleration
of the electron bunch decreases significantly after about 400m.
The proton bunch acquires a large spread in both momentum and
position. After 450 m propagation, the proton bunch length grows
somuch that it leaves the resonance condition and the plasma-wave
excitation becomes inefficient.

Simulations indicate that the normalized transverse emittance
of the electron bunch is not significantly affected by the plasma
acceleration (see also ref. 35). However, it should be noted that the
scattering of electrons on plasma ions was not included in the PIC
simulations. A separate simulation usingGEANT4 indicates that the
growth in emittance from this effect will be less than 0.02 nm-rad
after 500m of propagation in the plasma.

Outlook
The simulation results indicate that a proton bunch could indeed
be used to accelerate a bunch of electrons to high energies. Further
tuning of parameters would probably lead to improvements in
simulation results. The key issue for the future applicability of
proton-driven plasma-wakefield acceleration will be the ability
to phase rotate a high-energy bunch of protons in such a
way that the bunch is very short, of order 100 µm or less.
Clearly, advances in longitudinal proton beam cooling would make
this task much simpler.

The acceleration of positrons has not been addressed here,
and could be considerably more difficult than the acceleration
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Figure 4 | Electron energy versus distance. a,b, The mean electron energy
in TeV (a) and the r.m.s. variation of the energy in the bunch as a
percentage (b) as a function of the distance travelled in the plasma.

of electrons36. Initial investigations indicate that the electric field
configurations do not have the broad equilibrium region seen for
electron bunches, such that achieving a low energy spread will be

366 NATURE PHYSICS | VOL 5 | MAY 2009 | www.nature.com/naturephysics

> Idea: use a 1 TeV proton beam (e.g. from LHC) to drive a single TeV electron-acceleration stage in plasma

> First pre-studies are planned with the SPS beam to start in 2015/16
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Summary and conclusions

> Plasma-based wakefield acceleration can provide electric fields in excess of 10 GV/m,
about three orders of magnitude above what conventional technology can deliver today

> It is a young and dynamic field with plenty of challenges that require in-depth scientific research
and solutions to allow for reliable applications

> The success of plasma acceleration and applications at the particle-energy frontier will depend on
- the development of efficient, high-peak power, high-average power lasers
- the development of a compact staging technique

> First applications in photon science likely within the next 10 years, e.g. driving an FEL

> First particle physics applications will take significantly longer…

31
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