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Modern accelerators are large-scale machines

European XFEL at DESY, Hamburg
Electron energy: 17.5 GeV, acceleration gradient: 23 MV/m,

length of beam line: ~3 km, length of accelerator: ~1 km
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Plasma accelerators allow for extreme electric fields

LOASIS TREX at LBNL, Berkeley
Laser-driven plasma accelerator for electrons with 1.0 GeV

Length: 3.3 cm, average acceleration gradient: 30 GV/m 
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Plasma accelerators allow for extreme electric fields

LOASIS TREX at LBNL, Berkeley
Laser-driven plasma accelerator for electrons with 1.0 GeV

Length: 3.3 cm, average acceleration gradient: 30 GV/m 

103 times larger than in conventional accelerators

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

→ 30 pC of electrons at 1 GeV

40 TW laser pulse (3×1018 W/cm2)
inside plasma with ne = 4.3×1018 cm-3 

accelerated over a distance < 3 cm
(with > 33 GV/m fields)
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Lasers provide sub-femtosecond synchronization
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Potentially useful in various scientific fields:

4D imaging of electronic motion in 
atoms, molecules, solids, and plasmas

Nonlinear QED

Tuesday, February 22, 2011



Laser-plasma accelerator basics

Wake excitation Electron injection
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High-intensity lasers can drive large plasma wakes

Background plasma

Laser pulse

Electron-depleted cavity

3D
 particle-in-cell (PIC

) sim
ulation

Laser pulse properties
a = 2

λc = 800 nm
Δτ = 25 fs FWHM

w0 = 23 μm FWHM

Plasma background density
np ≤ 5×1018 cm-3

Laser pulse propagates into a plasma-density ramp, electrons get trapped
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High-intensity lasers can drive large plasma wakes
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Laser pulse properties
a = 2

λc = 800 nm
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Injection controls charge, energy spread, emittance

Background plasma

Trapped
states

Injection
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Injection controls charge, energy spread, emittance

Controlled injection:
control over accelerated charge, 
bunch energy spread, and 
emittance, less fluctuations

Self-injection (or wave-breaking):
hard to control, stability issues
→ undesirable
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Trapped
states

Injection
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Injection controls charge, energy spread, emittance

In principle, triggered injection into a plasma wave could achieve beam 
quality (low emittance) beyond state-of-the-art photocathodes

(due to space-charge shielding provided by ions, rapid acceleration)

Controlled injection:
control over accelerated charge, 
bunch energy spread, and 
emittance, less fluctuations

Self-injection (or wave-breaking):
hard to control, stability issues
→ undesirable
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Injection controls charge, energy spread, emittance

In principle, triggered injection into a plasma wave could achieve beam 
quality (low emittance) beyond state-of-the-art photocathodes

(due to space-charge shielding provided by ions, rapid acceleration)

Controlled injection:
control over accelerated charge, 
bunch energy spread, and 
emittance, less fluctuations

Methods for controlled injection:
• Density down-ramp injection

[Bulanov et al., Phys. Rev. E 58, R5257 (1998); 
Geddes et al., Phys. Rev. Lett. 100, 215004 (2008)]

• Laser-triggered injection
[Esarey et al., Phys. Rev. Lett. 79, 2682 (1997); 
Faure et al., Nature 444, 737 (2006)]

• Ionization injection
[Umstadter et al., Phys. Rev. Lett. 76, 2073 (1996); 
Pak et al., Phys. Rev. Lett. 104, 025003 (2010)]

• External beam injection
[Dewa et al., Nucl. Instrum. & Methods Phys. Res. 
A 410, 357 (1998); Dorchies et al., Phys. Plasmas 6 
2903 (1999)]

Self-injection (or wave-breaking):
hard to control, stability issues
→ undesirable

Background plasma
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Tuesday, February 22, 2011
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Figure 1 | Experimental set-up. A laser pulse (red) is focused into a gas cell, in which plasma waves accelerate electrons (yellow) to energies of several
hundred megaelectronvolts. The electron beam is collimated by a pair of quadrupole lenses. Plasma radiation and the laser beam are blocked by a 15 µm
aluminium foil. The electrons propagate through an undulator and emit soft-X-ray radiation into a narrow cone along the forward direction (blue). The
radiation is collected by a spherical gold mirror and characterized by a transmission grating in combination with an X-ray CCD camera. Stray light is
blocked by a slit in front of the grating. The pointing, divergence and spectrum of the electron beam are diagnosed by phosphor screens.
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Figure 2 | Effect of the magnetic lenses. a, Divergence of electrons traversing the magnetic lens assembly with energies of 190MeV (red), 215MeV
(yellow) and 240MeV (blue). b, Simulated normalized on-axis flux of the fundamental undulator emission versus electron energy ∼260 cm downstream
from the undulator exit (at the position of the detector). The narrow bandwidth of 9% FWHM is due to the energy-dependent electron-beam divergence
introduced by the magnetic lenses. c, Measured electron spectrum (blue) corresponding to the undulator spectrum of Fig. 3. The effective electron
spectrum (green) is determined by the product of the measured spectrum (blue) and the system response curve (red in b,c). It has a bandwidth of 6%
FWHM and a peak at 207MeV.

In our experiment, the electron accelerator is driven by pulses
from a 20 TW (850mJ in 37 fs) laser system (see the Methods
section). Focused into a hydrogen-filled gas cell with a length of
15mm (Fig. 1), they produce stable electron beams showing a
quasi-monoenergetic energy spectrum with a stable peak in the
range of 200–220MeVand 7 pCof charge in thewhole spectrum.

For electron-beam transport from the plasma accelerator to
the undulator, we use a pair of miniature permanent-magnet
quadrupole lenses, which has proven to be a critical system
component for stable, reproducible operation of the undulator
source for two reasons. First, they reduce the angular shot-to-shot
fluctuations of the electron beamby an order ofmagnitude. Second,
the lenses also act as an effective energy-band-pass filter for the

undulator radiation and thus lower the photon-energy bandwidth
and fluctuations. These benefits arise from the chromaticity of the
lenses, which means that only electrons with a particular energy
are collimated, whereas the divergence of electrons with different
energies markedly increases (Fig. 2a). As each individual electron
emits its radiation in a narrow cone along its propagation direction,
the whole photon beam has the approximate size and divergence
of the emitting electron bunch. For that reason, it is possible to
control the on-axis photon fluxwith themagnetic lenses by focusing
the electron beam. In future applications, a small spot size on the
target can therefore be achieved even for hard X-ray beams without
the need for lossy optical focusing elements. For our set-up, a
slightly convergent electron beam at ∼210MeV yields the highest

NATURE PHYSICS | VOL 5 | NOVEMBER 2009 | www.nature.com/naturephysics 827

Generation of soft-X-rays from an LPA driven undulator
Fuchs et al., Nature Physics 5, 826 (2009)

Undulator parameters
1.2 mm gap, K = 0.55
λu  = 5 mm, 60 periods

Laser pulse parameters 850 mJ, 37 fs FWHM
23 µm focus FWHM
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Figure 1 | Experimental set-up. A laser pulse (red) is focused into a gas cell, in which plasma waves accelerate electrons (yellow) to energies of several
hundred megaelectronvolts. The electron beam is collimated by a pair of quadrupole lenses. Plasma radiation and the laser beam are blocked by a 15 µm
aluminium foil. The electrons propagate through an undulator and emit soft-X-ray radiation into a narrow cone along the forward direction (blue). The
radiation is collected by a spherical gold mirror and characterized by a transmission grating in combination with an X-ray CCD camera. Stray light is
blocked by a slit in front of the grating. The pointing, divergence and spectrum of the electron beam are diagnosed by phosphor screens.
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Figure 2 | Effect of the magnetic lenses. a, Divergence of electrons traversing the magnetic lens assembly with energies of 190MeV (red), 215MeV
(yellow) and 240MeV (blue). b, Simulated normalized on-axis flux of the fundamental undulator emission versus electron energy ∼260 cm downstream
from the undulator exit (at the position of the detector). The narrow bandwidth of 9% FWHM is due to the energy-dependent electron-beam divergence
introduced by the magnetic lenses. c, Measured electron spectrum (blue) corresponding to the undulator spectrum of Fig. 3. The effective electron
spectrum (green) is determined by the product of the measured spectrum (blue) and the system response curve (red in b,c). It has a bandwidth of 6%
FWHM and a peak at 207MeV.

In our experiment, the electron accelerator is driven by pulses
from a 20 TW (850mJ in 37 fs) laser system (see the Methods
section). Focused into a hydrogen-filled gas cell with a length of
15mm (Fig. 1), they produce stable electron beams showing a
quasi-monoenergetic energy spectrum with a stable peak in the
range of 200–220MeVand 7 pCof charge in thewhole spectrum.

For electron-beam transport from the plasma accelerator to
the undulator, we use a pair of miniature permanent-magnet
quadrupole lenses, which has proven to be a critical system
component for stable, reproducible operation of the undulator
source for two reasons. First, they reduce the angular shot-to-shot
fluctuations of the electron beamby an order ofmagnitude. Second,
the lenses also act as an effective energy-band-pass filter for the

undulator radiation and thus lower the photon-energy bandwidth
and fluctuations. These benefits arise from the chromaticity of the
lenses, which means that only electrons with a particular energy
are collimated, whereas the divergence of electrons with different
energies markedly increases (Fig. 2a). As each individual electron
emits its radiation in a narrow cone along its propagation direction,
the whole photon beam has the approximate size and divergence
of the emitting electron bunch. For that reason, it is possible to
control the on-axis photon fluxwith themagnetic lenses by focusing
the electron beam. In future applications, a small spot size on the
target can therefore be achieved even for hard X-ray beams without
the need for lossy optical focusing elements. For our set-up, a
slightly convergent electron beam at ∼210MeV yields the highest

NATURE PHYSICS | VOL 5 | NOVEMBER 2009 | www.nature.com/naturephysics 827

Generation of soft-X-rays from an LPA driven undulator
Fuchs et al., Nature Physics 5, 826 (2009)

Undulator parameters
1.2 mm gap, K = 0.55
λu  = 5 mm, 60 periods

Laser pulse parameters

LETTERS NATURE PHYSICS DOI: 10.1038/NPHYS1404
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Figure 3 | Single-shot spatially resolved undulator spectrum.

a, Smoothed representation of the zeroth and the ± first diffraction order of

the measured undulator spectrum corresponding to the electron spectrum

of Fig. 2c. It consists of a fundamental peak at 17 nm and a second

harmonic peaked at 9 nm, with a high energy cutoff at ∼7 nm. The

theoretical parabolic dependence of the wavelength on the observation

angle Θ is shown by solid lines. An electron energy of 207MeV

corresponding to the peak of the effective electron spectrum of Fig. 2c was

used as a parameter. For the different emission characteristics of the

second harmonic, our simulation yields an on-axis radiation spectrum

peaked at a wavelength of 9.2 nm, which defines the parameter chosen for

the corresponding parabola. b, On-axis lineout summed over 10 pixel rows

around Θ =0 (blue) and the underlying raw data (red).

on-axis photon flux at the detector, whereas deviations of a few
tens of megaelectronvolts cause this flux to drop sharply (Fig. 2b).
Thus, the magnetic lenses limit the energy range of electrons that
primarily contribute to the undulator radiation and therefore define
an ‘effective’ electron spectrum (Fig. 2c).

The influence of the electron-beam divergence on the angular
flux of the undulator radiation at the position of the detector
was computed with the code SRW (ref. 25), taking into account
all beamline components (see the Methods section) to generate a
‘system response’ curve (Fig. 2b). An effective electron spectrum
can be determined by multiplying this system response curve with
the measured electron spectrum (shown in Fig. 2c). This effective
band-pass filtering reduces the shot-to-shot fluctuations of the
spectral width and mean photon energy of the undulator emission
as well as the bandwidth of an individual shot significantly below
those of the corresponding electron spectra. For example, the
fundamental spectrum of a single shot, shown in Fig. 3, shows a
bandwidth of 22% (full-width at half-maximum, FWHM) at an
observation angle of Θ = 0 (after deconvolving the instrument
function deduced from the zeroth diffraction order), whereas a
bandwidth of 65% would be expected without the filtering of the
lenses. In 70% of consecutive laser shots we observed undulator
spectra, whereas in the remaining 30% the amount of charge
in the effective electron spectrum was insufficient to produce
enough radiation. The average charge within the effective electron
spectrum was 0.6 ± 0.3 pC, which produced 70,000 ± 25,000
photons in the undulator fundamental, integrated over a detection
cone of K/(2γ ) = ±0.7 mrad, leading to a bandwidth of 30%
FWHM. The observed spectra show a fundamental wavelength at
18 nm and a second harmonic peak at 10 nm with shot-to-shot
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Figure 4 |Undulator wavelength versus electron energy. Detected
fundamental undulator radiation wavelengths plotted against the

corresponding maxima of the effective electron spectra (determined by the

method of Fig. 2c). The green and blue points correspond to consecutive

shots with two different positions of the magnetic lenses, demonstrating

the wavelength-tunability of the source (see Supplementary Information).

The error bars arise from measurement errors of the electron spectrometer,

the X-ray spectrometer, magnetic lens distances and the undulator field.

The asymmetric error bars of the blue points are due to a non-zero angle of

the electron beam with the spectrometer axis. The red points represent

shots that lie outside the stable electron acceleration regime. The

theoretical behaviour described in equation (1) is shown as a solid line.

standard deviations of about 5%. The wavelength of the second
harmonic is slightly longer than half the fundamental owing to
its emission characteristics. In contrast to the fundamental, its
flux distribution is peaked off-axis19 (Θ > 0) with correspondingly
longer wavelengths according to equation (1). Owing to the
horizontally focusing mirror, these components are propagated
through the slit onto the detector, shifting the peak of the observed
on-axis spectrum to longer wavelengths.

Figure 3 shows the spectral and angular distribution of undula-
tor radiation measured in a single shot. The parabolic dependence
of the wavelength on the observation angle Θ as predicted by
equation (1) (see solid lines in Fig. 3a), is in excellent agreement
with the measured data. From the spectrum shown in Fig. 3,
we deduce (see the Methods section) that our source delivers
8,200± 3,100 photons per shot per mrad2 per 0.1% bandwidth.
An analytical estimation for the on-axis peak intensity in units of
photons per shot per mrad2 per 0.1% bandwidth for an undulator
with a deflection parameter of K < 1 is approximately given by19
Nph ≈1.744×1014N 2

u ·E2(GeV)·Qe ·K 2/(1+K 2/2), whereNu is the
number of undulator periods, E is the electron energy andQe is the
charge of the electron bunch. According to this estimate, a charge
of 1.3 pC in the effective electron spectrum (green curve in Fig. 2c,
which produced the undulator spectrum of Fig. 3) corresponds to
9,500± 2,100 photons per shot per mrad2 per 0.1% bandwidth.
(The error is due to uncertainties in the calibration of the charge
measurement and in the lens settings, both of which determine
the amount of charge in the effective spectrum.) From the mea-
sured electron-beam divergence of ∼1mrad and source diameter
of ∼2 µm (derived from numerical simulations23 and plausibility
arguments involving the wakefield dimensions), we estimate the
normalized electron-beam emittance as εn = 0.8πmmmrad. For
the central energy of the effective electron spectrum, this translates
to a root-mean-square (r.m.s.) photon-beam size of 270 µm ver-
tically and 630 µm horizontally in the undulator, with respective
r.m.s. divergences of 180 and 170 µrad. Assuming a duration of
10 fs for the undulator radiation pulse, these estimates yield a peak
brilliance of ∼1.3× 1017 photons per second per mrad2 per mm2

per 0.1% bandwidth.

828 NATURE PHYSICS | VOL 5 | NOVEMBER 2009 | www.nature.com/naturephysics
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Resonance condition:

• ~1 pC of charge in effective
electron spectrum

• ~105 photons per shot
• Estimated peak brillance

1.3×1017 (s mrad2 mm2 0.1% BW)-1

850 mJ, 37 fs FWHM
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Figure 1 | Experimental set-up. A laser pulse (red) is focused into a gas cell, in which plasma waves accelerate electrons (yellow) to energies of several
hundred megaelectronvolts. The electron beam is collimated by a pair of quadrupole lenses. Plasma radiation and the laser beam are blocked by a 15 µm
aluminium foil. The electrons propagate through an undulator and emit soft-X-ray radiation into a narrow cone along the forward direction (blue). The
radiation is collected by a spherical gold mirror and characterized by a transmission grating in combination with an X-ray CCD camera. Stray light is
blocked by a slit in front of the grating. The pointing, divergence and spectrum of the electron beam are diagnosed by phosphor screens.
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Figure 2 | Effect of the magnetic lenses. a, Divergence of electrons traversing the magnetic lens assembly with energies of 190MeV (red), 215MeV
(yellow) and 240MeV (blue). b, Simulated normalized on-axis flux of the fundamental undulator emission versus electron energy ∼260 cm downstream
from the undulator exit (at the position of the detector). The narrow bandwidth of 9% FWHM is due to the energy-dependent electron-beam divergence
introduced by the magnetic lenses. c, Measured electron spectrum (blue) corresponding to the undulator spectrum of Fig. 3. The effective electron
spectrum (green) is determined by the product of the measured spectrum (blue) and the system response curve (red in b,c). It has a bandwidth of 6%
FWHM and a peak at 207MeV.

In our experiment, the electron accelerator is driven by pulses
from a 20 TW (850mJ in 37 fs) laser system (see the Methods
section). Focused into a hydrogen-filled gas cell with a length of
15mm (Fig. 1), they produce stable electron beams showing a
quasi-monoenergetic energy spectrum with a stable peak in the
range of 200–220MeVand 7 pCof charge in thewhole spectrum.

For electron-beam transport from the plasma accelerator to
the undulator, we use a pair of miniature permanent-magnet
quadrupole lenses, which has proven to be a critical system
component for stable, reproducible operation of the undulator
source for two reasons. First, they reduce the angular shot-to-shot
fluctuations of the electron beamby an order ofmagnitude. Second,
the lenses also act as an effective energy-band-pass filter for the

undulator radiation and thus lower the photon-energy bandwidth
and fluctuations. These benefits arise from the chromaticity of the
lenses, which means that only electrons with a particular energy
are collimated, whereas the divergence of electrons with different
energies markedly increases (Fig. 2a). As each individual electron
emits its radiation in a narrow cone along its propagation direction,
the whole photon beam has the approximate size and divergence
of the emitting electron bunch. For that reason, it is possible to
control the on-axis photon fluxwith themagnetic lenses by focusing
the electron beam. In future applications, a small spot size on the
target can therefore be achieved even for hard X-ray beams without
the need for lossy optical focusing elements. For our set-up, a
slightly convergent electron beam at ∼210MeV yields the highest

NATURE PHYSICS | VOL 5 | NOVEMBER 2009 | www.nature.com/naturephysics 827

LETTERS NATURE PHYSICS DOI: 10.1038/NPHYS1404

O
b

s
e

rv
a

ti
o

n
 a

n
g

le
 (

m
ra

d
) C

C
D

 c
o

u
n

ts
 (

a
rb

. u
n

its
)

C
C

D
 c

o
u

n
ts

 (
a

rb
. 
u

n
it

s
)

a

b

Wavelength (nm)

0 101030 302020

Wavelength (nm)

¬1.0

2.0

1.0

0

0 101030 302020
0

10

40

35

30

25

20

15

5

0

600

400

200

Figure 3 | Single-shot spatially resolved undulator spectrum.

a, Smoothed representation of the zeroth and the ± first diffraction order of

the measured undulator spectrum corresponding to the electron spectrum

of Fig. 2c. It consists of a fundamental peak at 17 nm and a second

harmonic peaked at 9 nm, with a high energy cutoff at ∼7 nm. The

theoretical parabolic dependence of the wavelength on the observation

angle Θ is shown by solid lines. An electron energy of 207MeV

corresponding to the peak of the effective electron spectrum of Fig. 2c was

used as a parameter. For the different emission characteristics of the

second harmonic, our simulation yields an on-axis radiation spectrum

peaked at a wavelength of 9.2 nm, which defines the parameter chosen for

the corresponding parabola. b, On-axis lineout summed over 10 pixel rows

around Θ =0 (blue) and the underlying raw data (red).

on-axis photon flux at the detector, whereas deviations of a few
tens of megaelectronvolts cause this flux to drop sharply (Fig. 2b).
Thus, the magnetic lenses limit the energy range of electrons that
primarily contribute to the undulator radiation and therefore define
an ‘effective’ electron spectrum (Fig. 2c).

The influence of the electron-beam divergence on the angular
flux of the undulator radiation at the position of the detector
was computed with the code SRW (ref. 25), taking into account
all beamline components (see the Methods section) to generate a
‘system response’ curve (Fig. 2b). An effective electron spectrum
can be determined by multiplying this system response curve with
the measured electron spectrum (shown in Fig. 2c). This effective
band-pass filtering reduces the shot-to-shot fluctuations of the
spectral width and mean photon energy of the undulator emission
as well as the bandwidth of an individual shot significantly below
those of the corresponding electron spectra. For example, the
fundamental spectrum of a single shot, shown in Fig. 3, shows a
bandwidth of 22% (full-width at half-maximum, FWHM) at an
observation angle of Θ = 0 (after deconvolving the instrument
function deduced from the zeroth diffraction order), whereas a
bandwidth of 65% would be expected without the filtering of the
lenses. In 70% of consecutive laser shots we observed undulator
spectra, whereas in the remaining 30% the amount of charge
in the effective electron spectrum was insufficient to produce
enough radiation. The average charge within the effective electron
spectrum was 0.6 ± 0.3 pC, which produced 70,000 ± 25,000
photons in the undulator fundamental, integrated over a detection
cone of K/(2γ ) = ±0.7 mrad, leading to a bandwidth of 30%
FWHM. The observed spectra show a fundamental wavelength at
18 nm and a second harmonic peak at 10 nm with shot-to-shot
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Figure 4 |Undulator wavelength versus electron energy. Detected
fundamental undulator radiation wavelengths plotted against the

corresponding maxima of the effective electron spectra (determined by the

method of Fig. 2c). The green and blue points correspond to consecutive

shots with two different positions of the magnetic lenses, demonstrating

the wavelength-tunability of the source (see Supplementary Information).

The error bars arise from measurement errors of the electron spectrometer,

the X-ray spectrometer, magnetic lens distances and the undulator field.

The asymmetric error bars of the blue points are due to a non-zero angle of

the electron beam with the spectrometer axis. The red points represent

shots that lie outside the stable electron acceleration regime. The

theoretical behaviour described in equation (1) is shown as a solid line.

standard deviations of about 5%. The wavelength of the second
harmonic is slightly longer than half the fundamental owing to
its emission characteristics. In contrast to the fundamental, its
flux distribution is peaked off-axis19 (Θ > 0) with correspondingly
longer wavelengths according to equation (1). Owing to the
horizontally focusing mirror, these components are propagated
through the slit onto the detector, shifting the peak of the observed
on-axis spectrum to longer wavelengths.

Figure 3 shows the spectral and angular distribution of undula-
tor radiation measured in a single shot. The parabolic dependence
of the wavelength on the observation angle Θ as predicted by
equation (1) (see solid lines in Fig. 3a), is in excellent agreement
with the measured data. From the spectrum shown in Fig. 3,
we deduce (see the Methods section) that our source delivers
8,200± 3,100 photons per shot per mrad2 per 0.1% bandwidth.
An analytical estimation for the on-axis peak intensity in units of
photons per shot per mrad2 per 0.1% bandwidth for an undulator
with a deflection parameter of K < 1 is approximately given by19
Nph ≈1.744×1014N 2

u ·E2(GeV)·Qe ·K 2/(1+K 2/2), whereNu is the
number of undulator periods, E is the electron energy andQe is the
charge of the electron bunch. According to this estimate, a charge
of 1.3 pC in the effective electron spectrum (green curve in Fig. 2c,
which produced the undulator spectrum of Fig. 3) corresponds to
9,500± 2,100 photons per shot per mrad2 per 0.1% bandwidth.
(The error is due to uncertainties in the calibration of the charge
measurement and in the lens settings, both of which determine
the amount of charge in the effective spectrum.) From the mea-
sured electron-beam divergence of ∼1mrad and source diameter
of ∼2 µm (derived from numerical simulations23 and plausibility
arguments involving the wakefield dimensions), we estimate the
normalized electron-beam emittance as εn = 0.8πmmmrad. For
the central energy of the effective electron spectrum, this translates
to a root-mean-square (r.m.s.) photon-beam size of 270 µm ver-
tically and 630 µm horizontally in the undulator, with respective
r.m.s. divergences of 180 and 170 µrad. Assuming a duration of
10 fs for the undulator radiation pulse, these estimates yield a peak
brilliance of ∼1.3× 1017 photons per second per mrad2 per mm2

per 0.1% bandwidth.

828 NATURE PHYSICS | VOL 5 | NOVEMBER 2009 | www.nature.com/naturephysics

Generation of soft-X-rays from an LPA driven undulator
Fuchs et al., Nature Physics 5, 826 (2009)

Undulator parameters
1.2 mm gap, K = 0.55
λu  = 5 mm, 60 periods

Laser pulse parameters

λ =
λu

2nγ2

�
1 +

K2

2
+ γ2Θ2

�
Resonance condition:

• ~1 pC of charge in effective
electron spectrum

• ~105 photons per shot
• Estimated peak brillance

1.3×1017 (s mrad2 mm2 0.1% BW)-1

850 mJ, 37 fs FWHM
23 µm focus FWHM
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Phase-space characterization of LPA beams needed

Many properties of electrons beams from laser-wakefield accelerators 
have only been insufficiently characterized:

• Pulse duration
upper limit ~50 fs RMS with electrooptic sampling [van Tilborg, Leemans et al., Phys. Rev. Lett. 96, 014801 (2006)]

• Slice energy spread
inferred from PIC simulations

• Longitudinal and transverse beam density modulations (e.g. at λ / 2)
inferred from PIC simulations

• Transverse beam emittance and source size
inferred from PIC simulations, old pepper pot measurements [Fritzler et al., Phys. Rev. Lett. 92, 165006 (2004)]

Tuesday, February 22, 2011



Phase-space characterization of LPA beams needed

Many properties of electrons beams from laser-wakefield accelerators 
have only been insufficiently characterized:

• Pulse duration
upper limit ~50 fs RMS with electrooptic sampling [van Tilborg, Leemans et al., Phys. Rev. Lett. 96, 014801 (2006)]

• Slice energy spread
inferred from PIC simulations

• Longitudinal and transverse beam density modulations (e.g. at λ / 2)
inferred from PIC simulations

• Transverse beam emittance and source size
inferred from PIC simulations, old pepper pot measurements [Fritzler et al., Phys. Rev. Lett. 92, 165006 (2004)]

Also important: beam position measurements (BPMs), transport and imaging (magnetic beam transport systems) 

(C)OTR, IR/THz spectrometry, transverse deflection cavities,
characterization of XUV/x-ray emission from undulators, characterization of betatron emission

Know how at established accelerator facilities would help to analyze LPA beams more thoroughly:
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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

Tuesday, February 22, 2011



 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
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3. Laser depletion: energy loss into plasma wave excitation

by courtesy of C. B. Schroeder et al., Proceedings of Advanced Accelerator Concepts Workshop (2010)

Coefficients determined 
from PIC simulations in the 

quasi-linear regime (a0 = 1.5)
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Constructing 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

BErkeley Lab Laser Accelerator (BELLA)
• quasi-linear wake: e- and e+, wake control
• staging and coupling modules
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Constructing 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

BErkeley Lab Laser Accelerator (BELLA)
• quasi-linear wake: e- and e+, wake control
• staging and coupling modules

Laser technology requirements?
Size of accelerator?
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Future user facilities require beam parameter stability

Laser-plasma accelerators have suffered from low shot-to-shot reproducibility

Ways to improve electron beam stability

• Minimizing variations in laser and plasma parameters
see Osterhoff et al., Phys. Rev. Lett. 101, 085002 (2008)

• Improved control over crucial laser parameters
e.g., pulse-front tilt (Popp, Osterhoff et al., Phys. Rev. Lett. 105, 215001 (2010)),
laser pointing (Gonsalves, Osterhoff et al., Phys. Plasmas 17, 056706 (2010))

• Employing laser pulses matched to plasma conditions

• Driving acceleration process in the quasi-linear regime, no dark currents

• Separating injection & acceleration stages, controlling injection, no wavebreaking

τL ≈ λp

2c

a ≈ 1
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A steady-state-flow gas cell stabilizes plasma conditions

FLUENT simulation

Laser

Pulse parameters
850 mJ ± 2%, 37 fs FWHM

23 µm focus FWHM

Steady-state-flow gas cell advantages over gas jets
• Allows for high repetition rates (10’s of kHz)
• Lasts > 105 shots
• Virtually no gas flow in the interaction region
• No turbulence or shocks (compared to jets)

Osterhoff et al.,
Phys. Rev. Lett. 101, 085002 (2008)
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A steady-state-flow gas cell stabilizes plasma conditions

Spectral reproducibility

Beam divergence
0.9 mrad RMS

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

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 %

✓ LWFA record

✓ LWFA record

✓ LWFA record

✓ LWFA record
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A steady-state-flow gas cell stabilizes plasma conditions

Spectral reproducibility

Beam divergence
0.9 mrad RMS

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

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 %

✓ LWFA record

✓ LWFA record

✓ LWFA record

✓ LWFA record

…
in 2008!
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A. Popp et al., Phys. Rev. Lett. 105, 215001 (2010)

Intensity or pulse-front tilt usually originates from laser angular 
chirp (AC) caused by an imperfect stretcher/compressor alignment
• hard to diagnose
• small amounts of AC have large effect on the stability of LPAs

Eliminating laser intensity-front tilt increases stability

1.570.980.06
-1.13 Angular chirp (µrad nm-1)
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A. Popp et al., Phys. Rev. Lett. 105, 215001 (2010)

Intensity or pulse-front tilt usually originates from laser angular 
chirp (AC) caused by an imperfect stretcher/compressor alignment
• hard to diagnose
• small amounts of AC have large effect on the stability of LPAs

Eliminating laser intensity-front tilt increases stability

1.570.980.06
-1.13 Angular chirp (µrad nm-1)
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A. Popp et al., Phys. Rev. Lett. 105, 215001 (2010)

Collective beam oscillations
→ way to tailor betatron radiation?
→ useful for beam cooling?

Intensity or pulse-front tilt usually originates from laser angular 
chirp (AC) caused by an imperfect stretcher/compressor alignment
• hard to diagnose
• small amounts of AC have large effect on the stability of LPAs

Eliminating laser intensity-front tilt increases stability
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Summary

Laser-plasma accelerator technology has advanced quickly in recent years
Milestone experiments: quasi-monoenergetic beams, plasma guiding and GeV electron energies, controlled 
injection, stability enhancements, soft-X-ray undulator radiation

Lots of research still to be done for compact photon source or collider applications
Milestone experiments needed: emittance measurements, slice energy spread characterization, FEL, 10 GeV 
accelerator module, staging, positron capturing, advancements in laser technology (luminosity requirements)

Plasma accelerators may have the potential to revolutionize accelerator technology
and could make them much more compact, affordable, and therefore accessible
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Thanks for your attention!

Tuesday, February 22, 2011



Tuesday, February 22, 2011


