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What Do We Need to Make an XFEL?
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Many XFELs with Large Accelerators Driving Them
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Why Plasmas?

Relativistic plasma wave (electrostatic):

Large 
Collective Response!

ne=1014 cm-3

4

Compare: SLAC linac ~ 20MeV/m

• Plasmas can sustain very large Ez field, acceleration 
• Plasmas are already ionized (partially), difficult to break down 
• High energy, high gradient acceleration! 
• Plasma wave can be driven by:

➡ Intense laser pulse (LWFA) 
➡ Short particle bunch (PWFA)



Plasma Wakefield May Be Excited by a Beam or Laser

“Blow-out” regime preferred 

• For beams when nb/np  >> 1 
- Ion channel focussing guides drive 

beam over meter scale 
- Matched beta (~mm) 
- No phase slippage, non-evolving wake 

until pump depletion 
- Energy transformer
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Typical: ne ≈ 1017 cm-3, λp ≈ 100µm, G > MT/m, Ez > 10 GV/m

• For lasers when a0 > 1 
- 100’s TW, focal spot size < 100µm, ZR ~ cm 
- Balance three D’s: diffraction, de-phasing, 

depletion 
- Interaction can be extended with channel 

guiding (<10cm)



Laser and Beam Driven Acceleration in Plasmas
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Laser Driven Plasmas: 
• 50 GeV/m fields, stable over few cm 
• High quality <µm emittance beams 

created and accelerated in the plasma 
• Many groups now > GeV

Nature 445 741 (2007)

Electron Energy [GeV]

UT Austin

Phys. Rev. Lett. 113, 245002 (2014)

Nat Commun. 4:1988 (2013)

resulting acceleration physics observed in the simulations
(Fig. 4). At the entrance of the plasma channel the laser-
plasma interaction was in a quasilinear regime
a0ðz ¼ 0Þ≃ 1.66. Self-focusing of the laser results in an
increasing laser intensity, and the interaction enters the
nonlinear bubble regime. After a propagation distance of
z≃ 1 cm, the normalized vector potential (the red curve in
Fig. 4) reaches a0 ≃ 4.1 and particle injection is observed
in several wave periods behind the laser due to the large
amplitude wake and a sufficiently low wake phase velocity
[23]. Subsequently, the laser intensity decreases to a local
minimum a0 ≃ 2.5 for z≃ 2.2 cm. Because of the intensity
dependence of the nonlinear plasma wavelength [1], the
period of the wake decreases, as shown in Fig. 4(ii).

However, for this density, the plasma wavelength change
is not enough to dephase the electrons, which continue to
accelerate. For z≳ 2.5 cm [Fig. 4(iii)] bunches are accel-
erated in the wakefield generated by the laser. The increase
in peak normalized laser field strength observed for 2.5 <
z < 6 cm is due to laser self-steepening. For z≳ 6 cm, the
pulse length begins to increase due to laser redshifting, and
the pulse starts losing resonance with the plasma. In this
simulation, during the exit density ramp [Fig. 4(iv)] the
self-injected bunches behind the first plasma period are lost
due to the defocusing wakefield generated by the bunch in
the first plasma period and the residual laser wakefield,
yielding a single electron beam emerging from the plasma.
The value of the minimum of a0 in region (ii) of Fig. 4,

and therefore the electron bunch phasing, depends sensi-
tively on the details of the laser-plasma parameters. For
instance, in a simulation with a lower on-axis density,
namely, ne ¼ 6.2 × 1017 cm−3, where the normalized laser
field strength reaches the minimum value a0 ≃ 2, the
reduction of the plasma wavelength moves the self-injected
bunches out of the focusing and accelerating phase of the
wake, leading to complete electron beam loss. This
indicates that, due to different laser propagation, modest
changes to the laser intensity or plasma density can cause
large modifications of the final electron beam properties.
One of the lowest energy spread high-energy beams

(shown in Fig. 5) was obtained for a plasma density of
7 × 1017 cm−3 and 16 J laser energy. The electron beam
energy was 4.2þ0.6

−0.4 GeV with 6% spread (rms), a measured
charge of 6% 1 pC, and a divergence of 0.3 mrad (rms).
The uncertainty in the electron beam energy was due to the
angular acceptance of the spectrometer.
In conclusion, the experiments demonstrate that laser

pulses with peak power at the few hundred terawatt level
propagating in preformed channels can generate multi-GeV
electron beams. Preformed plasma channels used with high
Strehl ratio laser pulses allowed high-energy (4.2 GeV)
beams to be produced with laser energy (16 J) signifi-
cantly less than that used to produce 2 GeV beams [8].
Through experiments and simulations, it is found that the

FIG. 4 (color). Evolution (a) of the peak normalized laser field
strength, a0ðzÞ (red plot), in a PIC simulation for a top-hat laser
pulse with an energy of 16 J focused at the entrance of a 9-cm-
long plasma channel. The on-axis density (black dashed line) has
a plateau density of ne ¼ 7 × 1017 cm−3, and the matched radius
is rm ¼ 81 μm. The wakefield (electron density) at various
longitudinal locations is shown in (i)–(iv).
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FIG. 5 (color). Energy spectrum of a 4.2 GeV electron beam
measured using the broadbandmagnetic spectrometer. The plasma
conditions closely match those in Fig. 2(c). The white lines show
the angular acceptance of the spectrometer. The two black vertical
stripes are areas not covered by the phosphor screen.
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2GeV

4GeV

Beam Driven Plasmas: 
• 50 GeV/m fields, stable over 

meter scale 
• High-efficiency, low dE/E of 

externally injected electrons and 
positrons
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X-Ray Emission & Positron Production by X-Rays Emitted by 
Betatron Motion In A Plasma Wiggler 

Physical Review Letters 97, 175003 (2006)

e.g. 5GeV, 1017/cc, 10µm 
MeV critical energy!



Betatron Radiation & Search for First Applications
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Femtosecond bursts of x-rays from electron acceleration (up to 800 MeV)  
can be used for phase contrast imaging

Hercules 100 TW, 
S. Kneip, et. al., APL (2011) 

S. Kneip et al.,, Nature Physics (2010) 

Petawatt, kJ laser 
S. Kneip, et. al., PRL (2008)

Rousse, PRL 93, 135005 (2004) 
Kneip et al., Nature Phys. 6, 980 (2010) 

Cipiccia et al., Nature Phys. 7, 867 (2011) 
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Also Undulator Radiation, ICS...



NATURE PHYSICS DOI: 10.1038/NPHYS1404
LETTERS

Phosphor
screen 1

(movable)

Laser beam

Gas cell

Magnetic
quadrupole

lenses

Aluminium
foil

Undulator

X-ray CCD

Transmission
grating

Gold
mirror

Phosphor
screen 2

Magnetic
spectrometer

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.

Plasma
accelerator

Lens
doublet

Undulatora

b c

Energy (MeV) 
052051001 200

C
ha

rg
e 

(f
C

 M
eV

¬1
)

120

20

100

40

80

60

N
or

m
al

iz
ed

on
-a

xi
s 

flu
x 

(a
rb

.u
ni

ts
)

0.2

1.0

0.8

0.6

0.4

Energy (MeV)
082061021 240200

Figure 2 | Effect of the magnetic lenses. a, Divergence of electrons traversing the magnetic lens assembly with energies of 190 MeV (red), 215 MeV
(yellow) and 240 MeV (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 207 MeV.

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
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Laser Driven Soft X-ray Undulator Source

Measure first and second harmonic
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Laser-driven soft-X-ray undulator source
Matthias Fuchs1,2, Raphael Weingartner1,2, Antonia Popp1, Zsuzsanna Major1,2, Stefan Becker2,
Jens Osterhoff1,2, Isabella Cortrie2, Benno Zeitler2, Rainer Hörlein1,2, George D. Tsakiris1,
Ulrich Schramm3, Tom P. Rowlands-Rees4, SimonM. Hooker4, Dietrich Habs1,2, Ferenc Krausz1,2,
Stefan Karsch1,2* and Florian Grüner1,2*
Synchrotrons and free-electron lasers are the most powerful
sources of X-ray radiation. They constitute invaluable tools for
a broad range of research1; however, their dependence on large-
scale radiofrequency electron accelerators means that only a
few of these sources exist worldwide. Laser-driven plasma-
wave accelerators2–10 provide markedly increased accelerating
fields and hence offer the potential to shrink the size and
cost of these X-ray sources to the university-laboratory
scale. Here, we demonstrate the generation of soft-X-ray
undulator radiation with laser-plasma-accelerated electron
beams. The well-collimated beams deliver soft-X-ray pulses
with an expected pulse duration of ⇠10 fs (inferred from
plasma-accelerator physics). Our source draws on a 30-cm-
long undulator11 and a 1.5-cm-long accelerator delivering stable
electron beams10 with energies of ⇠210MeV. The spectrum
of the generated undulator radiation typically consists of a
main peak centred at a wavelength of ⇠18 nm (fundamental),
a second peak near ⇠9nm (second harmonic) and a high-
energy cutoff at ⇠7 nm. Magnetic quadrupole lenses11 ensure
efficient electron-beam transport and demonstrate an enabling
technology for reproducible generation of tunable undulator
radiation. The source is scalable to shorter wavelengths
by increasing the electron energy. Our results open the
prospect of tunable, brilliant, ultrashort-pulsed X-ray sources
for small-scale laboratories.

Resolving the structure and dynamics of matter on the atomic
scale requires a probe with ångstrøm resolution in space and
femtosecond to attosecond resolution in time. Third-generation
synchrotron sources produce X-ray pulses with durations of
typically a few tens of picoseconds and can achieve 100 fs by using
complex beam-manipulation techniques12,13. They have already
proven their capability of imaging static structures with atomic
(spatial) resolution1 and upcoming X-ray free-electron lasers
hold promise for also extending the temporal resolution into the
atomic/sub-atomic range14–18. Both of these sources consist of an
electron accelerator and an undulator, which is a periodic magnetic
structure that forces the electrons to oscillate and emit radiation19.
Whereas current facilities require a kilometre-scale accelerator, new
laser-plasma accelerators offer the potential for a marked reduction
in size and cost as well as pulse durations of a few femtoseconds.

Femtosecond-laser-driven plasma accelerators have produced
quasi-monoenergetic electron beams2–7 with energies up to 1GeV
(refs 8, 9, 20, 21) from centimetre-scale interaction lengths. The
concept is based on an ultra-intense laser pulse, which ionizes atoms
of a gas target and excites a plasma wave. This trails the pulse at

1Max-Planck-Institut für Quantenoptik, Hans-Kopfermann-Str. 1, 85748 Garching, Germany, 2Department für Physik, Ludwig-Maximilians-Universität, Am
Coulombwall 1, 85748 Garching, Germany, 3Forschungszentrum Dresden–Rossendorf, Bautzner Landstraße 128, 01328 Dresden, Germany, 4University of
Oxford, Clarendon Laboratory, Parks Road, Oxford OX1 3PU, UK. *e-mail: stefan.karsch@mpq.mpg.de; florian.gruener@physik.uni-muenchen.de.

nearly the speed of light and generates longitudinal electric fields,
which are more than three orders of magnitude larger than in
conventional accelerators22. Plasma electrons can become trapped
and accelerated in these fields to a well-defined ultra-relativistic
energy, which is indicative of an electron bunch length confined
to a fraction of the plasma wavelength (in our case ⇠15 µm). This
intuitive picture is confirmed by particle-in-cell simulations, which
have revealed characteristic bunch lengths of the order of 3 µm,
corresponding to bunch durations of 10 fs (ref. 23).

Driving short-period undulatorswith these electron beams holds
promise for brilliant ultrashort X-ray sources on a university-
laboratory scale. So far, undulator radiation from laser-plasma-
accelerated electrons has been reported only in the visible to infrared
part of the electromagnetic spectrum24. Here, we demonstrate the
reproducible generation of tunable, ultrashort undulator radiation
in the soft-X-ray range by propagating electrons with energies
of ⇠210MeV through a specifically designed undulator with a
period of 5mm. The duration of this short-wavelength pulse is
dominated by that of the electron bunch and hence estimated
to be ⇠10 fs, about three orders of magnitude shorter than
that of typical pulses produced by synchrotron sources1 (for
more details on electron-bunch duration and elongation during
beam transport, see Supplementary Information). Detection of
undulator radiation in some 70% of consecutive driver-laser shots
indicates a remarkable reproducibility for a first proof-of-concept
demonstration experiment. It can be attributed to a stable electron-
acceleration scheme10 and the use of magnetic lenses11 to guide the
electron beam through the undulator.

Undulators have a sinusoidal transverse magnetic field with an
amplitude B0 and period �u that define the deflection parameter19
K / B0 · �u. In the rest frame of the relativistic electrons moving
through this field, �u is contracted by the Lorentz factor � , which
is defined as the total electron energy E in units of the electron rest
energy moc2. The undulator field causes the electrons to oscillate
transversely with an amplitude proportional to K , and as a result
of this acceleration to emit radiation. In the laboratory frame, this
emission occurs in a narrow cone in the forward direction. The
measured wavelength is once more reduced by � because of the
Doppler shift, which varies with the detection angle ⇥ . Taking
into account the reduced longitudinal electron velocity caused
by the transverse quivering motion, the detected wavelength for
the nth harmonic is

� = �u

2n� 2

✓
1+ K 2

2
+� 2⇥2

◆
(1)
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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 ⇥ is shown by solid lines. An electron energy of 207 MeV
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 ⇥ = 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 ⇥ = 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/(2� ) = ±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 (⇥ > 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 ⇥ 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 "n = 0.8⇡mmmrad. 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.
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Jens Osterhoff1,2, Isabella Cortrie2, Benno Zeitler2, Rainer Hörlein1,2, George D. Tsakiris1,
Ulrich Schramm3, Tom P. Rowlands-Rees4, SimonM. Hooker4, Dietrich Habs1,2, Ferenc Krausz1,2,
Stefan Karsch1,2* and Florian Grüner1,2*
Synchrotrons and free-electron lasers are the most powerful
sources of X-ray radiation. They constitute invaluable tools for
a broad range of research1; however, their dependence on large-
scale radiofrequency electron accelerators means that only a
few of these sources exist worldwide. Laser-driven plasma-
wave accelerators2–10 provide markedly increased accelerating
fields and hence offer the potential to shrink the size and
cost of these X-ray sources to the university-laboratory
scale. Here, we demonstrate the generation of soft-X-ray
undulator radiation with laser-plasma-accelerated electron
beams. The well-collimated beams deliver soft-X-ray pulses
with an expected pulse duration of ⇠10 fs (inferred from
plasma-accelerator physics). Our source draws on a 30-cm-
long undulator11 and a 1.5-cm-long accelerator delivering stable
electron beams10 with energies of ⇠210MeV. The spectrum
of the generated undulator radiation typically consists of a
main peak centred at a wavelength of ⇠18 nm (fundamental),
a second peak near ⇠9nm (second harmonic) and a high-
energy cutoff at ⇠7 nm. Magnetic quadrupole lenses11 ensure
efficient electron-beam transport and demonstrate an enabling
technology for reproducible generation of tunable undulator
radiation. The source is scalable to shorter wavelengths
by increasing the electron energy. Our results open the
prospect of tunable, brilliant, ultrashort-pulsed X-ray sources
for small-scale laboratories.

Resolving the structure and dynamics of matter on the atomic
scale requires a probe with ångstrøm resolution in space and
femtosecond to attosecond resolution in time. Third-generation
synchrotron sources produce X-ray pulses with durations of
typically a few tens of picoseconds and can achieve 100 fs by using
complex beam-manipulation techniques12,13. They have already
proven their capability of imaging static structures with atomic
(spatial) resolution1 and upcoming X-ray free-electron lasers
hold promise for also extending the temporal resolution into the
atomic/sub-atomic range14–18. Both of these sources consist of an
electron accelerator and an undulator, which is a periodic magnetic
structure that forces the electrons to oscillate and emit radiation19.
Whereas current facilities require a kilometre-scale accelerator, new
laser-plasma accelerators offer the potential for a marked reduction
in size and cost as well as pulse durations of a few femtoseconds.

Femtosecond-laser-driven plasma accelerators have produced
quasi-monoenergetic electron beams2–7 with energies up to 1GeV
(refs 8, 9, 20, 21) from centimetre-scale interaction lengths. The
concept is based on an ultra-intense laser pulse, which ionizes atoms
of a gas target and excites a plasma wave. This trails the pulse at

1Max-Planck-Institut für Quantenoptik, Hans-Kopfermann-Str. 1, 85748 Garching, Germany, 2Department für Physik, Ludwig-Maximilians-Universität, Am
Coulombwall 1, 85748 Garching, Germany, 3Forschungszentrum Dresden–Rossendorf, Bautzner Landstraße 128, 01328 Dresden, Germany, 4University of
Oxford, Clarendon Laboratory, Parks Road, Oxford OX1 3PU, UK. *e-mail: stefan.karsch@mpq.mpg.de; florian.gruener@physik.uni-muenchen.de.

nearly the speed of light and generates longitudinal electric fields,
which are more than three orders of magnitude larger than in
conventional accelerators22. Plasma electrons can become trapped
and accelerated in these fields to a well-defined ultra-relativistic
energy, which is indicative of an electron bunch length confined
to a fraction of the plasma wavelength (in our case ⇠15 µm). This
intuitive picture is confirmed by particle-in-cell simulations, which
have revealed characteristic bunch lengths of the order of 3 µm,
corresponding to bunch durations of 10 fs (ref. 23).

Driving short-period undulatorswith these electron beams holds
promise for brilliant ultrashort X-ray sources on a university-
laboratory scale. So far, undulator radiation from laser-plasma-
accelerated electrons has been reported only in the visible to infrared
part of the electromagnetic spectrum24. Here, we demonstrate the
reproducible generation of tunable, ultrashort undulator radiation
in the soft-X-ray range by propagating electrons with energies
of ⇠210MeV through a specifically designed undulator with a
period of 5mm. The duration of this short-wavelength pulse is
dominated by that of the electron bunch and hence estimated
to be ⇠10 fs, about three orders of magnitude shorter than
that of typical pulses produced by synchrotron sources1 (for
more details on electron-bunch duration and elongation during
beam transport, see Supplementary Information). Detection of
undulator radiation in some 70% of consecutive driver-laser shots
indicates a remarkable reproducibility for a first proof-of-concept
demonstration experiment. It can be attributed to a stable electron-
acceleration scheme10 and the use of magnetic lenses11 to guide the
electron beam through the undulator.

Undulators have a sinusoidal transverse magnetic field with an
amplitude B0 and period �u that define the deflection parameter19
K / B0 · �u. In the rest frame of the relativistic electrons moving
through this field, �u is contracted by the Lorentz factor � , which
is defined as the total electron energy E in units of the electron rest
energy moc2. The undulator field causes the electrons to oscillate
transversely with an amplitude proportional to K , and as a result
of this acceleration to emit radiation. In the laboratory frame, this
emission occurs in a narrow cone in the forward direction. The
measured wavelength is once more reduced by � because of the
Doppler shift, which varies with the detection angle ⇥ . Taking
into account the reduced longitudinal electron velocity caused
by the transverse quivering motion, the detected wavelength for
the nth harmonic is

� = �u

2n� 2

✓
1+ K 2

2
+� 2⇥2

◆
(1)
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np = 8x1018 10pC, 210MeV
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the magnetic field so that every electron satisfies the reso-
nant condition Eq. (1) in the undulator. For a full cant angle
2! ! !y=ð!xÞ, the gradient parameter is

" ¼ 2!
1

K0

@K0

@y
¼ 2!

!
5:47

#u
% 3:6

g

#2
u

"
; (5)

where the last step uses Halbach’s formula [13] for hybrid
undulators and g is the average gap of the canted poles. We
note that the TGU concept has been recently discussed to
improve the spontaneous undulator radiation spectrum by
using a superconducting (SC) undulator [14]. The advan-
tage of a superconducting undulator is the combination of
smaller period, larger magnetic field and higher transverse
gradient.

The TGU analysis of Refs. [12,15] was aimed at low-
gain FELs. Here we study high-gain FELs which are more
relevant for LPAs. We first use the 1D FEL model and
ignore 3D effects. In a normal undulator, the gain length
dependence on the (Gaussian) energy spread can be
described by

LG ! #u

4$
ffiffiffi
3

p
%

!
1þ &2

'

%2

"
: (6)

This formula yields the right asymptotic behaviors for both
&' ' % and &' ( % [16] and agrees with the numerical
solution of the 1D FEL dispersion relation.

For a transverse gradient undulator, the beam is dis-
persed in the horizontal direction with an increased beam
size. This reduces the beam density and the coupling to the
radiation through the FEL parameter %. We can define an
effective % for TGU as

%T ¼ %
!
1þ (2&2

'

&2
x

"%1=6
: (7)

Because of the transverse field gradient, an intrinsic
horizontal beam size will also induce an effective energy
spread in a TGU as

&eff
' ¼ K2

0

2þ K2
0

&K

K0
¼ K2

0

2þ K2
0

"&x: (8)

The intrinsic beam size is determined by the horizontal
emittance "x and the beta function ). For a relatively short
undulator of length Lu considered here for LPAs without
external focusing, it is reasonable to take ) ! Lu=2, and

hence &x ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
"xLu=2

p
in Eq. (8). The 1D gain length for a

TGU equivalent to Eq. (6) is then

LT
G ! #u

4$
ffiffiffi
3

p
%T

$
1þ

!
K2

0

2þ K2
0

"
2 "2"xLu

2%2
T

%
: (9)

Let us consider a LPA operating between 500 MeV to
1 GeV with the normalized emittance *0"x ) 0:1 +m and
a peak current of I0 ) 5 to 10 kA. For a few-meter undu-
lator length, we can expect &x ) 15 +m. Let us take #u ¼
1 to 2 cm, K ) 2 in order to reach EUV and soft x-ray
wavelengths. This leads to the estimation %) 5* 10%3.
We also assume the transverse gradient parameter ")
100 m%1 (see Table I below for more details), then the
dispersion is ( ! 1:5 cm. If we define the gain length
ratios as the gain lengths predicted from Eqs. (6) and (9)
over the ideal gain length #u=ð4$

ffiffiffi
3

p
%Þ, Fig. 2 shows these

ratios vs rms energy spread generated by the LPA in units
of %. We conclude that TGU can significantly reduce the
gain length when &' > % for these parameters.
Another method to reduce the gain length of a large

energy spread beam is by decompressing the electron
bunch longitudinally [17]. Decompression reduces the en-
ergy spread over an FEL slice at the expense of decreasing
the peak current. Figure 2 shows the estimated gain length
using this approach with a decompression factor of 10.
Although a similar gain length reduction may be obtained
this way, the transverse gradient undulator offers four
distinct advantages over the decompression method:
(i) Shorter x-ray pulse length (a few fs in duration) and
higher peak x-ray power; (ii) smaller radiation bandwidth;

TABLE I. Electron beam and undulator parameters used to
study transverse gradient undulator for compact EUV and soft
x-ray FELs.

Parameter Symbol EUV X-ray

Beam energy *0mc2 500 MeV 1 GeV
Norm. transv. emittance *0"x 0:1 +m 0:1 +m
Peak current I0 5 kA 10 kA
Flattop bunch duration T 10 fs 5 fs
Rel. rms energy spread &' 2% 1%
Undulator type Hybrid SC
Undulator period #u 2.18 cm 1 cm
Undulator length Lu 5 m 5 m
Undulator parameter K0 1.85 2
Transverse gradient " 43 m%1 150 m%1

Horizontal dispersion ( 3.7 cm 1 cm
Resonant wavelength #r 31 nm 3.9 nm

FIG. 1 (color online). Transverse gradient undulator by cant-
ing the magnetic poles. Each pole is canted by an angle ! with
respect to the xz plane. The higher energy electrons are dispersed
to the higher field region (positive x) to match the FEL resonant
condition.
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FELs may require novel configurations such as TGU



Controlled Injection for Better Beam Quality & Stability

Standard Injection 
• Electrons circulate around the cavitated 

region before being trapped and 
accelerated at the back of the laser pulse 

10
See: Esarey et al, PhysRevLett.79.2682 and Victor Malka (2010). Laser Plasma Accelerators: towards High Quality Electron Beam, 
Laser Pulse Phenomena and Applications, Dr. F. J. Duarte (Ed.), ISBN: 978-953-307-405-4 and References within

Colliding Pulse Injection 
• Beatwave of two counter propagating laser pulses 
• Controls injection process/location for higher quality/stability  



Development of High-Brightness Electron Sources

LCLS Style Photoinjector 
• 100MeV/m field on cathode 
• Laser triggered release 
• ps beams - multi-stage 

compressions & acceleration 
- Tricky to maintain beam quality 

(CSR, microbunching…)
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RF

UV	
  laser

Electron	
  beam

Plasma Photoinjectors 
• 100 GeV/m 
• fs beams, µm size 
• Promise orders of magnitude 

improvement in emittance 
• Injection from: TH, Ionization, DDR, 

CP…



Underdense Plasma Photocathode 
a.k.a. the ‘Trojan Horse Technique’

• Plasma bubble (wake) can act as a high-frequency, high-field, high-brightness 
electron source 

• Photoinjector + 100GeV/m fields in the plasma = Ultra-high brightness beams 
- Unprecedented emittance (10-8 m-rad) 
- Sub-µm spot size 
- fs pulses

12

• Two gas species with relatively 
high & low ionization potential 

• Electron beam forms plasma in 
LIT gas and drives strong 
wakefield (bubble)  

• Injection laser (short pulse, tight 
focus, fs synchronization) releases 
HIT electrons in the bubble

B. Hidding et al. Phys. Rev. Lett. 108, 035001 (2012)



Trojan Horse Injection Promises Very Bright Beams

• Parametrically studied in simulations 
• E210 collaboration conducting first 

experiments at FACET
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blowout, where accelerating fields are highest [4]: 
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assumed laser polarization, the beam spread in transverse
momentum at a given position in z is only caused by
betatron phase mixing. All electron betatron oscillations
have a unique starting position. This elimination of laser-
induced momentum in the y direction gives the possibility
of observing and quantifying phase mixing separately from
the direct laser-induced momentum due to the laser seen in
the x direction.

V. EMITTANCE AND BRIGHTNESS RESULTS

To evaluate normalized transverse beam emittance sta-
tistically, we rewrite transverse emittances as

!x!"#
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hx2ihx02i" hxx0i2

q
; !y!"#

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hy2ihy02i" hyy0i2

q
;

(3)

where the ray angles x0 and y0 are defined as vx=vz and
vy=vz, respectively. We investigate the emittance of the
beam, which by convention requires use of the position and
momentum information of electrons at the same z position,
as opposed to a constant time t. After the injected beam
bunch has completed its interaction with the laser pulse,
the beam emittance !x tends to be stable, as one expects
given that the dominant force is a linear ion-focusing
transverse wakefield. Thus the only increase in emittance

would arise from weak chromatic effects due to the finite
energy spread in the beam.
As can be seen in Fig. 5(a), the resulting normalized

emittance !x and !y are of the order 10
"2–10"3 mmmrad.

The emittance in the dimension orthogonal to the laser
polarization !y is found to be, for the parameters we have

chosen, about 1 order of magnitude lower than !x, as it only
has a !mix component. Both quantities increase approxi-
mately linearly with laser intensity I in the parameter range
of interest. To explain this result, we emphasize that the
beam emittance !x caused by the laser being polarized in
the x direction has two contributions: interaction with laser
and betatron phase mixing, which are denoted as !int and
!mix, respectively. The contribution !int should scale line-
arly with I because both x and px due to ponderomotive
motion are proportional to the electric field amplitude E0.
The linearity of !mix is numerically obtained by calculating
hx2i ¼ R

x2!ðx; y;$; tÞdVdt=R!ðx; y;$; tÞdVdt. In the nu-
merical determination of the emittance, both ADK theory
and the YI model have been utilized to compare with 2D
simulation. We note that ADK theory has been adopted to
deal with laser field ionization in the VORPAL framework.
Also, space-charge effects have been included in simula-
tion even though it is negligible in our scenario, as dis-
cussed below. A possible reason for the lower emittance
seen in simulation could be the linearization of the trans-
verse wakefield in modeling. In addition, the emittance
predicted by the YI model is slightly higher than that
indicated by ADK theory, for the reason that the multi-
photon ionization included in the YI model affects the
distribution at the extrema of the laser fields more.

FIG. 5. Laser pulse parametric study of emittance. The plot (a)
displays the increase of emittance with laser intensity both in x
direction (dot) and in y direction (star). ADK theory (blue) and
YI model (red) are compared with results from VORPAL simula-
tion (black square). Note that !y is excluded due to 2D simula-
tion. At a fixed intensity of I ¼ 1 PW=cm"2, the top and bottom
plots on the right show effects of beam waist w0 and pulse
duration FWHM on emittance, respectively.

FIG. 4. Electron motion in x (polarization) and y direction are
shown in plots at top and bottom, respectively. The inset is a
close-up of ponderomotive motion tracks. The tracks are color
coded according to electron density from red (maximum) to
magenta (minimum).
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He and leave behind electrons near axis. In snapshot 2(c),
the laser pulse has traveled past its focus slightly, and
therefore again has marginally lost its ability to ionize
He. The Li blowout here is not fully closed yet due to the
gas density up-ramp. Pinching of the He electrons has
evolved dynamically, and the blowout begins closing be-
hind the electrons that have been injected by the laser-
induced ionization [see Fig. 2(d)]. At this point, the Li-
electron-based cavity has reached its steady-state length of
!pðLiÞ # 60 "m, corresponding to the maximum electron
density of neðLiÞ ¼ 3:3% 1017 cm&3 at the end of the
density up-ramp. The electrons trapped inside the cavity
are now comoving with the driver and have reached a
significant energy (Wz;max # 3 MeV). During the further
acceleration process [see Fig. 2(e)], a mushroomlike struc-
ture evolves, the highest energy electrons forming the
stalk, and lower-energy (but still relativistic) electrons
forming the cap. Note that the laser pulse is still clearly
visible in the electric field magnitude plot, but does not
notably affect the Li electron blowout. In Fig. 2(f), the
longitudinal electric field Ez contribution to the total elec-
tric field in 2(d) is plotted along with an on-axis lineout,
which reveals that the injected He electrons significantly
distort the electric field due to beam loading (self-wake)
and space charge.

With the initial phase of the injection or acceleration
process concluded, the beam-driven PWFA process con-
tinues to provide acceleration, in principle limited only by
the total energy of the driver and/or its density distribution.
Our simulations confirm that the acceleration can continue
for long distances without degrading the He electron bunch
quality. Figure 3(a) illustrates the situation after z ¼
2:5 mm. While the driver electron beam (not plotted) and
the electric field generated by it show scalloping as in
Ref. [6], the He electrons remain confined on axis, and

form a bunch with FWHM widths of only a few hundred
nm or less. In Fig. 3(a), the FWHM width amounts to
#r;He # 150 nm. In this sense, the proposed acceleration
concept can be seen as a bunch width transformer:
when compared to the driving beam, the accelerated
He electron beam has a width which is smaller by more
than an order of magnitude. This is a result of the He
electrons (a) being born close to the axis, and (b) receiving
low transverse momentum by the low-power laser. A di-
vergence of # 1:13 m rad at an energy of W # 108 MeV
leads to a calculated normalized transverse slice emittance
on the central 5 "m long bunch section (the position
indicated in the figure with the black arrows), of
$n # 3% 10&8 m rad, which is observed to increase to
$n # 4% 10&8 m rad until the bunch has reached the
same % as the wake. Such an excellent normalized emit-
tance, which is 1 or 2 orders of magnitude better than with
any previous scheme, is in agreement with considerations
centered on the laser vector potential. For a laser with
a0 # 0:018, the expected minimal emittance [assuming
the initial transverse beam source size #r;He generated by

the laser is #r;He # w0=
ffiffiffi
2

p
, and using #pr

=ðmcÞ # a0=2]

can be estimated to be $n # #r;He#pr
=ðmcÞ #

w0a0=2
3=2 # 2:6% 10&8 m rad. This is one of the critical

advantages of the acceleration scheme, which opens up
the possibility of its use in future advanced free electron
laser (FEL)-based x-ray light sources, where emittance has
a limiting effect on performance and reachable wave-
length. For example, an approximation for the minimum
wavelength based on the above emittance and an energy
similar as in the Linac Coherent Light Source (LCLS)
results in !min # 4&$n=%LCLS # 0:1 !A, about 1 order of
magnitude better than the current LCLS performance [27].
We have also performed GENESIS simulations of the case in
which the beam presented here is accelerated up to
4.3 GeV, and used with a next generation undulator [28];
this scenario promises a 1.5 Å SASE FEL that saturates in
'20 m, a dramatically shorter distance than the LCLS.
Figure 3(b) shows the current density which is calcu-

lated after about z # 4:4 mm, and reaches peak values
of J # 260 A="m2. With a total charge of Q # 2 pC,
a peak bunch current can be approximated to be
Ip # 300 A, which leads to a brightness of B # 2Ip=$n2 #
7% 1017 Am&2 rad&2, again a value 1 or 2 orders
of magnitude better than with the LCLS. In Figs. 3(c)
and 3(d), the longitudinal phase space and the energy
spectra of the transversally ultracold He electron bunch
are depicted at three different points during acceleration.
For the chosen parameters, the He-derived electrons reach
a peak energy of nearly E # 300 MeV after about
z # 9 mm of acceleration, with an energy spread
"W # 3%. It shall be noted that the acceleration length,
and thus the peak He electron bunch energy, is mainly
limited by the driver energy and its degradation. Keeping
the density in the range'1017 cm&3 and raising the driver
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FIG. 3 (color online). Electric field and He bunch after z ¼
2:5 mm (a), current J after z ¼ 4:4 mm (b), pz & z phase space
for three different acceleration times (c), and He electron energy
spectrum at these times (d).
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Framework for Preserving Emittance After the Plasma

• Match beams with finite energy spread in & out of plasma stages 
• Tailored plasma ramps using phase mask & axilens on ionization laser
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Want Rep Rate but Want to Limit Size of the Power Source

Now have high energy, higher brightness, but users want rep-rate 
(they want it all!) 

• Beam drivers are great here 
• Can make linacs with high efficiency, MHz rep rate like LCLS-II so I’ll 

use this as my power source 
• But want to maximize energy boost so accelerator is small

15A Concept for a Plasma Wakefield Accelerator Driven FEL – FEL2015 – M.J. Hogan

BELLA Petawatt laser at 1Hz (40J/40fs)



Beam Loading in Non-linear Wakes

Theoretical framework, augmented by simulations
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the very front and the very back of the bubble. To make
progress analytically, we take the ultrarelativistic limit,
where the normalized maximum radius of the ion channel
is !pRb=c ! 1. The equation for the innermost particle
trajectory reduces to (see Ref. [13]):

rb
d2rb
d!2 þ 2

!
drb
d!

"
2
þ 1 ¼ 4"ð!Þ

r2b
; (1)

where we adopt normalized units, with length normalized
to the skin-depth c=!p, density to the plasma density np,
charge to the electron charge e, and fields to mc!p=e. The
term on the right-hand side of Eq. (1) can describe the
charge per unit length of an electron beam driver or a
trailing beam (an additional term for the pondoromotive
force of the laser can also be included [13]). Here we are
interested in the back half of the bubble, where the wake-
field is accelerating and the quantity 2#"ð!Þ, with "ð!Þ ¼R1
0 rnbdr, is the charge per unit length of the beam load.
We define ! ¼ 0 at the location where rb is maximum,

i.e., drb
d! j!¼0 ¼ 0. In Ref. [13], it was shown that for

!pRb=c ! 1, the wakefield is Ez ’ 1
2 rb

drb
d! ; therefore,

Ezð! ¼ 0Þ ’ 0. For !> 0, the electrons are attracted by
the ion channel back toward the !-axis with drb

d! j!>0 < 0

until ! ¼ !s where beam loading starts. For ! & !s, the
electrons feel the repelling force from the charge of the
accelerating beam, in addition to the force from the ion
channel. The additional repelling force decreases the slope
of the sheath drb

d! , thereby lowering the magnitude of Ez.

This can be seen in the simulation results in Fig. 1, where
the trajectory of the innermost electron for an unloaded

wake is drawn on top of the electron density for a loaded
wake, and the corresponding wakefield for the two cases is
also plotted. The method for choosing the charge profile of
the load is described below.
If the repelling force is too large and the beam too long,

the electrons in the sheath will reverse the direction of their
transverse velocity at some !r, where

drb
d! j!¼!r

¼ 0, and,

consequently, Ezð!rÞ ¼ 0. This is a very undesirable con-
figuration because it implies that the front of the bunch
feels a much stronger accelerating force than the back.
We are interested in trajectories for which rbð!> 0Þ

decreases monotonically. " may then be expressed as a

function of rb: "ð!Þ ¼ lðrbÞ. Substituting r00b ¼ r0b
dr0b
drb

,

where the prime denotes differentiation with respect to !,

Eq. (1) reduces to
dr0b
drb

¼ 4lðrbÞ'r2b½2ðr0bÞ2þ1)
r3
b
r0b

, which can be

integrated to yield

Ez ’
1

2
rb

drb
d!

¼ ' rb
2

ffiffiffi
2

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
16

R
rb lð$Þ$d$ þ C

r4b
' 1

s
(2)

First we comment on salient features of the unloaded
case ðlðrbÞ ¼ 0Þ. Evaluating the constant in Eq. (2) from
the condition Ezðrb ¼ RbÞ ¼ 0, we obtain:

EzðrbÞ ’
1

2
rb

drb
d!

¼ ' rb
2

ffiffiffi
2

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R4
b

r4b
' 1

s
; Rb & rb > 0:

(3)

Equation (3) can be integrated from the top of the bubble
rbð! ¼ 0Þ ¼ Rb to yield the innermost particle trajectory
for 0< rb * Rb:

!

Rb
¼ 2E

$
arccos

$
rb
Rb

%&&&&&&&&
1

2

%
' F

$
arccos

$
rb
Rb

%&&&&&&&&
1

2

%
; (4)

whereFð’jmÞ,Eð’jmÞ are the incomplete elliptic integrals
of the first and second kind [18].
To minimize the energy spread on the beam, we seek the

beam profile that results in Ezðrb * rsÞ ¼ 1
2 rb

drb
d! jrb¼rs ’

const + 'Es within the bunch. The shape of the bubble in
this case is described by the parabola r2b ¼ r2s ' 4Esð!'
!sÞ. For 0 * ! * !s, Ez is given by Eq. (3). Es is found by
requiring that the wakefield is continuous at !s: Es ¼
rs
2
ffiffi
2

p
ffiffiffiffiffiffiffiffiffiffiffiffiffi
R4
b

r4s
' 1

r
. For !s * ! * !s þ r2s

4Es
, where !s þ r2s

4Es
is

the location at which the sheath reaches the !-axis, the
profile of "ð!Þ that leads to a constant wakefield is trape-

zoidal with maximum at "ð!sÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E4
s þ R4

b

24

q
and minimum

at "ð!s þ r2s
4Es

Þ ¼ E2
s

"ð!Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E4
s þ

R4
b

24

s
' Esð!' !sÞ (5)

and the total charge Qs ¼ 2#
Rr2s=ð4EsÞ
!s

"ð!Þd! is

FIG. 1 (color online). The electron density from a PIC simu-
lation with OSIRIS [19] for kpRb ¼ 5 is presented. The beams
move to the right. The broken black line traces the blowout
radius in the absence of the load. On the bottom, the red (black)
line is the lineout of the wakefield Ezð!; rb ¼ 0Þ when the beam
load is present (absent).
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and the wakefield are given by

8l0 ¼ r2b þ 1
2ð!$ !!s þ

ffiffiffi
2

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8l0 $ r2!s

q
Þ2; (12)

Ez ¼ $1
4ð!$ !!sÞ þ Ezð! ¼ ! !sÞ (13)

and the innermost particle will reach the !-axis at !!s þ
"!!s, where "!!s ¼

ffiffi
2

p
r!s
ðR2

b $
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R4
b $ r4!s

q
Þ. In this case, the

energy absorption per unit length is identical to that of an
optimal trapezoidal bunch 2"l0"!!shjEzji ¼ QsEs. The
difference in the accelerating force experienced by the
front and the back of the bunch will tend to increase the
bunch’s energy spread. This can be avoided either by
injecting the bunch with an initial energy chirp to compen-
sate for the effect caused by the field in Eq. (13) or by using
a monoenergetic trapezoidal bunch.

If the driver travels with a velocity slower than that of
the accelerating electrons, these electrons will move with
respect to the wake. In this context, it is interesting to see
what happens if a flat-top electron bunch optimized for
some !1 is instead placed at !2 and !3, both smaller than
!1.

In Fig. 2(a), we compare the lineouts of the wakefield
Ezð!; rb ¼ 0Þ from three 2D cylindrically symmetric simu-
lations with the theoretical results for flat-top beams. For
each simulation, an electron bunch with l0 ¼ 0:25R2

b and
length "! !s ¼ 0:27Rb is loaded at one of three locations:
!1 ¼ 0:67Rb, !2 ¼ 0:53Rb, !3 ¼ 0:31Rb. The open red

squares correspond to loading at !1, the solid blue dia-
monds to !2, and the open green circles to !3. The solid
lines are derived from the theory [for l0 > R4

b=ð8r2!sÞ, the
particle trajectory in the region ! !s & !< !m can be writ-
ten in terms of the integral Eð’jmÞ] and are in excellent
agreement with the simulations in all three cases.
We repeated the simulations using Gaussian bunches

with the same number of particles as in the flat-top cases
and NbðzÞ ¼ Nbffiffiffiffiffi

2"
p

#z
e$z2=ð2#2

z Þ, where #z ¼ "!!s=ð2
ffiffiffi
2

p
Þ.

Each bunch is placed so that its center is at a distanceffiffiffi
2

p
#z from !1, !2, and !3 for the three simulations. The

results, shown in Fig. 2(b), confirm that the Gaussian
bunches may be treated using the theory for flat-top
bunches. In both Figs. 2(a) and 2(b), we observe that the
wakefield is relatively flat regardless of the placement of
the bunch. The initial negative slope is balanced by a
smaller positive slope for most of the acceleration process.
Last we note that we started from Eq. (1), which is the

ultrarelativistic limit of Eq. (11) of Ref. [13] and is ex-
pected to hold for kpRb * 3. For lower kpRb the formalism
described here can still be applied if one numerically
solves Eq. (11) of Ref. [13].
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FIG. 2 (color online). Wakefield lineouts for (a) a flat-top
electron bunch and (b) a Gaussian bunch with the same charge
at three different locations !1ðredÞ, !2ðblueÞ, and !3ðgreenÞ is
plotted from theory [solid lines (a)] and simulations [symbols
(a),(b)].
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High-Efficiency Acceleration of an Electron Bunch in a 
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Looking Ahead: Shaped Profile for Transformer Ratio ~ 5
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Need Undulators to Make Photons (X-rays) 

19A Concept for a Plasma Wakefield Accelerator Driven FEL – FEL2015 – M.J. Hogan



Plasma Based Undulators Are Also Being Considered… 

20A Concept for a Plasma Wakefield Accelerator Driven FEL – FEL2015 – M.J. Hogan

Today’s brightest X-ray beams are generated by synchrotron
radiation (SR) sources1–3. In industry, biology and basic
research, this radiation is used for ultrafast transient

imaging with angstrom resolution. SR is produced by electrons,
which are accelerated to relativistic energies and injected into a
spatially modulated field. The electrons oscillate in this field and
radiate light at a frequency, which is the frequency of their
own oscillations up-shifted by a factor 2g2

e , where ge¼ ee/mec2 is
the Lorentz factor of an electron with an energy ee. In
conventional SR sources, the undulating field is produced
by a periodic structure of permanent magnets. For efficient
X-ray generation, metre-long magnetic undulators with a period
of 1–10 centimetres are required. The relativistic electron beams
are typically provided by large-scale accelerator facilities.

Laser-plasma accelerator (LPA) constitutes an alternative to
traditional radiofrequency linear accelerators in the production of
the energetic electron beams4–8. They have the potential to reduce
the size of electron accelerators down to few millimetres. Indeed,
as an ionized medium, plasma can withstand much higher fields
than the cavity walls in conventional accelerators, which are
subject to electrical breakdown. Besides particle acceleration,
laser-plasma technology can be used, for instance, in plasma
mirrors9, to manipulate high-intensity laser pulses10, or to
collimate relativistic electrons11.

In LPA, an ultrashort laser pulse is focused into a gas medium.
The laser ionizes the gas and drives a copropagating plasma wave,
in which electrons can be trapped and accelerated. State-of-the-
art LPA delivers reproducible and quasi-monoenergetic electron
beams with energies of hundreds of MeVs8, and records values
that exceed 3 GeV12. The electron beams have micrometre source
sizes and carry electron currents of tens of kilo-Amperes. This
extremely high electron flux suggests that LPA can produce very
bright SR that opens the path for a compact free electron laser13.

SR sources based on a combination of LPA and magnetic
undulators have recently been demonstrated for visible light14

and soft X-ray15 emission. These experiments were performed
with metre-scale magnetic undulators that were placed tens of
centimetres after the exit of the accelerator. However, as the
divergence of the electron beam in LPA is typically of a few
milliradians, the electron flux can be reduced by four orders of
magnitude after propagation of 10 cm. This rapid decrease in the
electron flux strongly limits the brightness of SR sources based on

LPA and magnetic undulators and has hindered the development
of such sources.

In this letter, we present a SR source, which combines laser-
plasma engineering and nano-structured targets. The key new
element of the proposed scheme is the use of a laser-plasma
undulator instead of a magnetic undulator. The undulator
consists of an array of cylindrical nanowires arranged in a
checkerboard pattern and oriented perpendicularly to the
direction of laser propagation. When ionized and heated by the
laser field, the wires generate a strong electric field that bends the
trajectories of the incoming relativistic electrons. Importantly, the
wavelength of this undulator can be as small as a few
micrometres. This makes the overall interaction length remark-
ably short and allows to take advantage of the high electron flux
of LPA before it is reduced by the natural divergence of the beam.

Results
Principles of the laser-plasma undulator. The overall scheme of
the proposed light source is presented in Fig. 1. We consider a
30-fs pulse from a TW-class laser focused into an supersonic gas
jet. The laser ionizes the gas and drives a plasma wave in its wake.
Some of the electrons of the plasma are trapped in this wave and
are accelerated up to a few hundreds of MeV. At the exit of the
accelerator, the laser pulse and the electron beam propagate
through a millimetre-scale vacuum space before entering
the undulator region. The wires have a typical diameter of few
hundreds of nanometres, and are 10–20mm long.

The wire spacing along the electron propagation defines
the undulator period lu. The transverse wire spacing determines
the amplitude of the wiggling field, and thus the ability of the
undulator to deviate the propagating electrons. In SR science, this
ability is characterized by the undulator strength parameter K.
This parameter can be defined as the amplitude of the oscillations
of the particles’ normalized transverse momentum. The strength
of an ideal magnetic undulator depends only on the amplitude of
the undulator field B0 and on its period, and is given by the
relation K¼ eB0lu/(2pmec). In the nanowire undulator, the
wiggling field is strongly inhomogeneous, and each particle
oscillates with different amplitude. In this case, one should
consider the oscillations of individual particles to define the
averaged K. In terms of radiation produced, the strength
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Figure 1 | Conceptual design of the laser-plasma SR source. (a) An intense laser pulse (yellow) is focused in a gas jet. (b) The laser pulse propagates
through the gas jet, trapping and accelerating an electron bunch in its wake. (c) The laser pulse ionizes the nanowires, heats their electrons and
creates an electrostatic field (in blue). The trailing electron bunch wiggles in this field (red trajectories).
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parameter separates the undulator Kt1 and wiggler K441
emission regimes16. In the undulator regime, electrons emit
photons in a narrow energy band around the fundamental
wavelength lr ¼ lu=ð2g2

eÞ, while in the wiggler regime, they emit
a broadband spectrum.

The analysis of the operation of a laser-plasma undulator can
be divided into three parts: (i) the interaction of the laser field
with an individual wire, (ii) the propagation of the laser pulse
through the array of wires and (iii) the motion of the electrons in
the undulator field and the related emission.

(i) The interaction of a high-power laser pulse with a solid wire
leads to the creation of a plasma with a high electron density
on the surface of the wire. Such an overcritical plasma is
opaque to the laser and thus the laser radiation only
penetrates in a nanometre-thin sheath17. The electrons in
this sheath are heated by the laser field in a process that
strongly depends on the laser polarization. In particular, for
a laser wave polarized perpendicularly to the wire, the
electric field has a component normal to the wire surface,
which enhances the heating, in a similar way to Brunel
absorption18. Once the laser pulse has passed the wire, the
expansion of the hot electrons produces a strong charge
separation field on the wire surface. The field amplitude E0 is
estimated to be of the same order of magnitude as the laser
amplitude Elas and it can be as high as a few teravolts per
metre. The propagation of the laser and electron beams and
the generation of space charge fields are shown in Fig. 2.
Over the femtosecond interaction time, the laser, which has
an intensity B1019 W cm$ 2, does not affect the ion core of
the wires. The electrostatic field of the ionized wires remains
quasi-constant on the timescale of the Coulomb explosion of
the ions. For solid density plasmas, this time is typically
around a picosecond. For longer times, the wires will be
destroyed by Coulomb explosion.

(ii) The energy lost by the laser in the interaction with each wire
is either absorbed by hot electrons or carried away by the

diffracted electromagnetic wave. A detailed analysis indi-
cates that for the typical parameters presented in Table 1,
diffraction losses dominate over absorption. More precisely,
the cylindrical electromagnetic wave that is reflected by the
plasma wire carries a fraction Zdiff ’

ffiffiffiffiffi
2p
p

Rwire=slas of the
total laser power. As the laser propagates through the array
of wires, the diffraction losses lead to an exponential
depletion of the laser intensity with the propagation
distance Ilas(x)pexp($ x/lloss). The characteristic length
of energy deposition is given by lloss ¼ luslas=ðf

ffiffiffiffiffi
2p
p

RwireÞ,
where f ¼

P
j expð$ y2

j =2s2
lasÞ is the effective number of

ionized wires, which takes into account the lesser value of
the laser intensity at the transverse positions of the wires yj.
For parameters given in Table 1, the laser depletion length is
estimated as lloss¼ 0.2 mm.

(iii) The wiggling motion of the electrons from the relativistic
bunch can be analysed on two scales. On a short timescale,
electrons oscillate in the field surrounding the wires, at the
frequency c/lu, while on a long timescale, the electron beam
diverges because the mean field (averaged over lu) is
defocusing. The electron oscillations and hence the corre-
sponding radiation are characterized by the undulator
parameter K and the oscillation wavelength lu. As K is
approximately proportional to the laser field amplitude, it
decreases exponentially with the propagation distance, with a
characteristic length 2lloss. The initial value of the undulator
parameter K0 depends on the laser energy and undulator
geometry; for the parameters in Table 1, K0E0.7. In the limit
Koo1 (which is verified after a short propagation), the
number of emitted photons per electron oscillation is B2aK2,
where aC1/137 is the fine structure constant16. Thus,
we estimate that, over their full trajectory, each electron
produces Nph ’ 2aK2

0 lloss=lu photons around an energy
es½eV& ’ 9:5ðee½MeV&Þ2=lu½mm&=ð1þK2

0=2Þ. It follows that
for a beam charge of 50 pC, the radiation consists of 1.8( 107

photons with energies centred around 12, 48 and 107 keV, for
electron energies of 200, 400 and 600 MeV, respectively.
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Figure 2 | Snapshot of a particle-in-cell simulation of the laser-plasma undulator. The laser, which propagates from left to right, and the scattered
electromagnetic waves are shown in blue. The relativistic electron beam that follows the laser is represented in pink, the ions and the electrons of the wires
are shown in yellow and orange, respectively. The green vectors represent the electric field generated by the plasma wires. In this simulation, the
parameters from Table 1 are used.
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Numerical modelling. In order to validate the proposed
scheme and to predict more precisely the radiation features, the
laser-plasma undulator was modelled using particle-in-cell

simulations (see Methods). We considered a quasi-monoenergetic
electron beam having the properties given in Table 1, which
corresponds to state-of-the-art laser-plasma accelerators19–21.
Moreover, shown in Table 1 are the laser parameters at the
entrance of the undulator. To prevent the supersonic gas jet from
influencing the nanowires, a distance of 1 mm between the
accelerator and the undulator was chosen, and the drift of the
electrons in this vaccuum space was self-consistently taken into
account. The interaction of the laser and electron beams with a
14-line undulator was modelled in the two-dimensional (2D)
plane (x, y).

The two characteristic scales of the electron motion are
highlighted in Fig. 3. Figure 3a shows the increase in the
electron beam divergence because of the mean transverse field,
while Fig. 3b reveals the electron oscillations. The undulator
parameter K of each individual particles was calculated from
their trajectories over a distance lloss. The distribution of K is
shown in Fig. 3c and it exhibits a peak around K¼ 0.6, with an
average undulator parameter /KS¼ 0.73. Simulations also
confirm the exponential depletion of the laser (see Fig. 3d). The
predicted depletion length lloss¼ 0.2 mm is in a very good
agreement with the simulation, which confirms that the laser
energy losses are mainly because of the diffraction by the wires.
As the undulator parameter is approximately proportional to
the square root of the laser intensity, the number of emitted
photons per period varies roughly as the laser energy. It follows
that the emission becomes negligible after a propagation
exceeding B3 lloss¼ 0.6 mm.

The SR of an individual electron is emitted in the direction of
the electron’s velocity, and within a cone of angle Dy " g# 1

e .
Therefore, the total radiation emitted by the electron bunch has a
minimum angular spread of g# 1

e but may have a larger spread if
the divergence of the bunch exceeds g# 1

e . The energy radiated per
unit of photon energy and solid angle q2e/qoqO is calculated
from the Liénard–Wiechert fields. Figure 4 shows the maps of this

Table 1 | Design parameters of the source.

Laser system
Type Ti:Sapphire
Wavelength 0.8mm
Pulse duration* 30 fs
Pulse energy 0.7 J
Beam radius* slas (when entering the

undulator) 13mm

Wire configuration
Material Si
Diameter 0.4mm
Undulator period 24mm
Transverse spacing 5.5mm

LPA electron beam
Duration* 3.3 fs
Normalized emittance* EN 0.2 mm $mrad
Initial radius* se (at the exit of the
accelerator)

1mm

Energy spread* 1%
Charge 50 pC
Average energy ee 200/400/600 MeV

Undulator emission
Photon energy 12/47/106 keV
Peak brightnessw 0.5/2/4.5
Bandwidth (FWHM) 33%
Angular divergence* 0.95 mrad% 2.3 mrad

FWHM, full-width at half maximum; LPA, Laser-plasma accelerator.
*RMS values.
wIn units of 1023 photons s# 1 mm# 2 mrad# 2 per 0.1%bandwidth.
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Figure 3 | Electron and laser propagation in a laser-plasma undulator. (a) Electron trajectories in the undulator, obtained from a 2D PIC simulation. The
colour scale indicates the electron density. Propagation and transverse distances are measured in millimetres and micrometres, respectively, and the
white markers indicate the positions of the wires. (b) Magnified view of the central part of a. (c) Distribution of the undulator parameter K, calculated from
individual trajectories. (d) Evolution of the total emitted energy (green curve), and the total laser energy in the PIC simulation (blue curve) compared
with our model Ilas(x)pexp(# x/lloss) with lloss¼0.2 mm (red dashed line).
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distribution, in the case of 600 MeV electrons, in the y¼ 0 and
z¼ 0 planes (see Fig. 1 for the orientation of these axes), and the
angular distribution summed over the photon energy. The
angular sizes of the source are Dyy¼ 2.3 mrad and Dyz¼ 0.95
mrad. In the y¼ 0 plane, the photon energy is observed to be
distributed around ‘ c=½luð1þK2=2þ y2

zg
2
eÞ&, which is typical for

planar undulators. The distribution in the z¼ 0 plane is stretched
and flattened because of the growth of the electron beam
divergence, which is induced by the undulator-averaged trans-
verse field. In addition, shown in Fig. 4 is the on-axis spectral
distribution (red curve). In agreement with the model, the 50 pC
electron bunch generates 2.4' 107 photons in a 33% energy-band
(full width at half maximum) centred B100 keV. The total energy
of the X-ray beam in this case is 0.18 mJ and its peak brightness is
4.5' 1023 photons s( 1 mm( 2 mrad( 2 per 0.1%bandwidth.

Both the photon energy and the source power increase as g2
e ;

they can therefore be tuned by varying the electron energy. This is

demonstrated in Fig. 5, where the X-ray peak energy is observed
to rise from 12 to 106 keV when the electron energy is increased
from 200 to 600 MeV. The relative bandwidth of the emitted
spectrum remains constant. This shows that quasi-monoenergetic
X-rays can be produced in a wide range of wavelengths.

Discussion
We have presented a new approach that drastically reduces the
size, and cost of conventional undulators, and that takes full
advantage of the high-flux electron beams produced in laser-
plasma accelerators. This laser-plasma undulator consists of an
array of periodically assembled nanowires that are ionized by the
laser pulse exiting from a laser-plasma accelerator, creating a
periodic electric field structure that efficiently operates as an
electrostatic undulator. We have shown that this approach can
produce bright, polarized and quasi-monoenergetic femtosecond
X-ray beams with adjustable energies in the range 10–100 keV
and a peak brightness of the order of 1023 photon s( 1 mm( 2

mrad( 2 per 0.1% bandwidth, using commercially available laser
systems. The source properties could be further improved, for
example, by reducing the growth of the divergence inside the
undulator. Possible improvements include the design of more
complex wire patterns, with uneven spacings, variable wire
diameters or wire densities. The use of the nanostructured
undulator for coherent amplification of X-rays can also lead to
the development of an ultracompact X-ray-free electron laser.
Moreover, nanostructured laser-plasma devices can be also used
to manipulate relativistic particle beams in various ways (for
example, wiggling, collimating and focusing). We anticipate that
this new approach will open the path for many innovations at the
interface between nanoengineering and high-intensity lasers.

Methods
Numerical modelling of the laser-plasma undulator. The formation of the
plasma undulator by the laser and the motion of the trailing electrons are studied
with the PIC code CALDER 2D22. The nanowires are modelled in two dimensions
as circles with a radius of 200 nm. They consist of initially neutral atoms of silicon
with a density of 5' 1022 cm( 3. Ionization is accounted for by using the model of
Yudin–Ivanov23,24. The undulator includes 14 lines of 25 wires (350 wires in total)
with transverse spacing 5.5 mm (period 11mm) and undulator period lu¼ 24mm.
The moving-window technique is used to study the propagation of the laser and
electron beams over a millimetre (the moving simulation box is 46 mm' 70 mm).
The spatial resolution is 5 nm.

Velocities and positions of the relativistic electrons are recorded each 0.5 fs.
These trajectories are then used to compute the radiation produced. The spectral
distribution of emitted light is calculated using the Fourier components of Lienard–
Wiechert potentials in the far field:

@2E
@O @o

¼ e2

4p2c

Z1

(1

dt
n'ðn( bÞ' _b
ð1( n bÞ2

eioðt(nr=cÞ

!!!!!!

!!!!!!

2

The integral is calculated in a three-dimensional angular-spectral space for each
particle. The average incoherent spectrum emitted by one electron is calculated as
the average of the spectra emitted by the macroparticles. For the spectrum
calculation, 1.5' 104 macroparticles were used.
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Put These Pieces Together and 
Imagine a New Generation of Light Sources

Drive	
  Beam
Charge 3nC
Energy 500	
  MeV
Rep	
  Rate 1MHz
Bunch	
  length 210µm,	
  ramped
Peak	
  Current 8.5kA
Normalized	
  Emittance 2.25	
  mm-­‐mrad

Trojan	
  Horse	
  (plasma)
Plasma	
  Density 1017	
  e-­‐/cc
Plasma	
  Length 20	
  cm
Transformer	
  Ratio 5

Trojan	
  Horse	
  (beam)
Charge 3	
  pC
Energy 2.5	
  GeV
Energy	
  Spread 2x10-­‐4
Normalized	
  Emittance 3x10-­‐8	
  m-­‐rad
Peak	
  Current 300A
Bunch	
  length 12	
  fs
Brightness 7x1017	
  A/m2rad2

Undulator	
  Parameters
Period 9	
  mm
K 2
Number	
  of	
  periods	
  (N) 660

Radiation	
  Parameters
Wavelength 5.4	
  Å
Single	
  pulse	
  energy 50	
  µJ
Number	
  of	
  Photons >1011
Peak	
  Power 1.6	
  GW

Plasma Based FEL Concept
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Leverage high rep-rate beam drivers with plasma as source of high-
brightness high-energy electrons



Summary & Perspective

Plasma accelerators offer a compelling chance to create GeV beams with 
unprecedented brightness and may open the door to a new generation of more 
compact higher-performing XFELs 

• Plasma accelerators are already making GeV beams with brightness 
comparable to what is used by existing XFELs 
- Stability, reliability won’t get you the cover of Nature but they are crucial to 

a user facility so likely developed close to one (physics & engineering) 
• Many groups around the world are studying many techniques for plasma 

injection (trojan horse, ionization, density down ramp, colliding pulse…) 
- Potential for more than an order of magnitude improvement in beam 

brightness 
- Need to demonstrate these concepts in experiments – have to make and 

to measure these low emittance beams 
- Need to understand tolerances and optimize numerically 

• FACET-II Science Opportunities Workshop on Plasma Driven XFELs 
Thursday October 15, 2015 
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Thank you to all my colleagues whose collaborations and 
discussions have contributed material for this talk!
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FACET-II Science Opportunities Workshops

• October 12-16, 2015 @ SLAC 
- Five Days 
- Five Workshops (one per day) 

• Dual WG Leaders  
- SLAC & non-SLAC 
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FACET&II(Science(Opportunities(Workshops(

October(12&16,(2015(
SLAC(National(Accelerator(Laboratory(

Menlo(Park,(CA(
(

FACET&II( is( a(new(user( facility( that(will( provide(unique( capabilities( to(develop(advanced(

acceleration( and( coherent( radiation( techniques( with( high&energy( electron( and( positron(
beams.(FACET&II(provides(a(major(upgrade(over(current(FACET(capabilities(and(the(breadth(

of(the(potential(research(program(will(make(it(truly(unique.((

(
A(baseline(design(for(FACET&II(has(been(established(that(progressively(increases(capabilities(

in( three( distinct( stages.( Stage( one( completes( a( new( photoinjector( at( Sector( 10( and( re&
establishes(operations(with(high&energy(high&brightness(electron(beams.(Stage(two(will(add(

a(new(positron(damping(ring(system(and(allow(user(runs(with(high&current(positron(beams.(

Stage(three(will(upgrade(the(chicane(in(sector(20(for(simultaneous(delivery(of(positrons(and(
electrons(to(the(experimental(area.(

(

By(offering(bunch(charge(ranging(from(pC(to(nC,(emittance(from(nm(to(microns,(electrons(
and(positrons,(single(and(double(bunches,(tailored(current(profiles(of(up(to(nearly(100kA(and(

energy(up(to(10GeV(FACET&II(provides(experimental(capabilities(unparalleled(anywhere(in(
the(world.(By( leveraging(the(additional( infrastructure(afforded(by(SLAC’s( laser(group,(the(

FACET( laser( systems( provide( multi&terawatt( peak( powers( with( state( of( the( art(

synchronization(approaching(10fs.((
(

The(FACET&II(team(is(organizing(a(series(of(five(separate(one(day&long(workshops(to(discuss(
the( scientific( opportunities( of( this( new( facility,( and( refine( the( technical( requirements( to(

ensure(maximum(impact(during(early(operations(and(into(the(future.(Each(of(the(workshops(

will(focus(on(a(different(scientific(topic:(plasma(acceleration(based(colliders,(plasma(driven(
X&FELs,(accelerator(physics(of(extreme(beams,(Material(interactions(with(extreme(fields(and(

Application(of(Compton(based(gamma&rays. 
(
The(results(of(these(workshops(will(feed(directly(in(to(the(science(strategy(for(FACET&II,(and(

will(help(guide(the(design,(commissioning(and(ultimate(operation(of(the(upgraded(facility,(as(
well(as(informing(the(R&D(roadmap(for(instrumentation(and(machine(performance.(

(

We(encourage(everyone(interested(in(applying(FACET&II(to(his(or(her(scientific(problems(to(
attend.( Separate( registration( is( required( for( each( of( the( five( workshops.( For( more(

information(and(to(register(please(click(on(the(individual(workshop(links(above.(
(

For(more(information(contact:(

Mark(Hogan(
hogan@slac.stanford.edu(

(

October 
12-16, 2015 Workshop

Monday Accelerator Physics of Extreme Beams

Tuesday Material Interactions with Extreme Fields

Wednesday Plasma Acceleration Based Linear Colliders

Thursday Plasma Acceleration Based XFELs

Friday Application of Compton Based Gamma Rays


