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Introduction to LWFA-based FEL



Towards compact accelerators and higher brightness
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[B. Hidding et al., arXiv:1904.09205]

Higher fields in plasma

[B. Hidding et al., PRL 108, 053001 (2012)]

Higher brightness from 
plasma photocathode

One major objective for plasma accelerators: a plasma-based FEL, so-called 5th generation light source
Using laser-driven plasma accelerators: LWFA-based FEL



Electron beam from LWFA

5

Characteristic electron beam properties:

σδ < ρ
For FEL gain, need small slice/effective energy spread: 

2 2 2 2
0 ,total chromγε γ ε γ ε= +

This mechanism can be of self-injection [50–53], injection
by ionization [54,55], or of controlled injection as for
instance via colliding the driver laser pulse with another
one [56,57] or by introducing a sharp transition in the gas
density [58–60]. Different injection mechanisms can be
implemented at the same time, and, in some cases, such
hybrid regimes help to improve the overall LPA perfor-
mance [36].
In experimental conditions, the energy spread mea-

sured on ∼200 MeV electron beams can be as small as
10–20 MeV fwhm [36,55], and their emittance can be
below 1 mm mrad [61], and the full beam charge varies
from a few tens to a few hundreds pC. In the present study
wewill use a set of typical LPA beam parameters, which we
assume being practically achievable.

B. Beam optic basics

The beam dynamics along the manipulation line is
here considered, with a specific care on the handling of
the intrinsic large divergence and energy spread.
Up to the second chromatic order, the particle coordi-

nates (position and angle in the horizontal and vertical
plane respectively) from the source ðx0; x00; z0; z00Þ to the
undulator center ðx; x0; z; z0Þ can be presented using the
standard transport matrix notation [62]:
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with δ the particle relative energy deviation. The first matrix
(rij) of the right-hand side in Eq. (1) and (2) stands for
the linear part and the second matrix (rij6) stands for the
chromatic second order perturbation.
Since the beam exhibits a very large divergence (≈mrad)

and a small transverse size, it may be well approximated by
a simple point source with a zero size (or zero emittance).
The linear optics can then be simplified to a source-to-
image (S2I) standard optics, the image being at the center
of the undulator. Indeed, canceling the terms r12 and r34
respectively in Eqs. (1) and (2) enables to set the on-
momentum particles (δ ¼ 0) to a waist σx−min ¼ r11σx0 and
σz−min ¼ r33σz0 as for a standard linear optics imaging the
source with magnification r11 in the horizontal and r33 in
the vertical plane. Operating this optics only requires the
use of the first quadrupole triplet.
The next step, in the same approximation, is to cancel the

r226 and r446 second order terms at the undulator center, in
order to organize the chromatic effects from the large initial
divergence. In the transverse planes, the three rms particle
momenta as functions of their relative energy deviation are
then approximated by:
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σx, σ0x, and σxx0 are respectively the rms size, divergence,
and cross term in the horizontal plane (same with z index
for the vertical plane). Because of the chromaticity of
this transport, the electron beam is focused at a different
longitudinal position S ðδÞ along the undulator according to:

S ðδÞ ¼ −
σxx0ðδÞ
σ02x ðδÞ

¼ −r11r126δ: ð5Þ

The total geometric emittance ϵt can be derived from the
particle momenta integrating over the energy deviation:
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The second term of the right-hand side term corres-
ponds to the chromatic emittance which is added quad-
ratically to the initial one ϵ0. The chromatic emittance is
drastically enhanced by the initial divergence. The nor-
malized emittance, which is most commonly used, is
normalized by the longitudinal momentum according to
relation 15 in [32].
In the longitudinal plane, assuming no initial cor-

relation in between the longitudinal and the transverse
coordinates, the rms bunch length can be expressed as
following:

σ2s ≈ σ2s0 þ ðr56σδÞ2 þ ðr522σ02x0 þ r544σ02z0Þ2: ð7Þ

For the sake of clarity, only the main terms, i.e., non-
negligible, are included in this formula. The chicane sorts
the particles in energy along the bunch, while the large
divergence tends to remix them. Nevertheless, the chicane
strength r56 can be used to convert the energy deviation δ
into the longitudinal position Δs ¼ r56δ, so that the
minimum beam size slips along the bunch all along the
undulator. Since the FEL radiation wave also slips along
the bunch at a relative rate of λr=3λu [63], the two slippages
can be synchronized so that the effective beam size, seen by
the FEL, is always minimum. In the exponential gain
regime, the synchronization condition can be expressed
according to:
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It results into an inhomogeneous reduction factor Finh expressed as :
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The longitudinal overlap between the electron bunch of RMS length sl and the optical wave should be main-
tained. The light wave is in advance by Nul with respect to the electrons, and for short electron bunch distributions,
it could escape. A new correction factor Fg is introduced as :
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The small signal gain can be expressed as :

G = n
2pe2

eomoc2 reFf FinhFg
K2

u
lu


Lu

g

�3 h
Jn�1

2
(x )� Jn+1

2
(x )

i2 ∂
∂g

sinc2 (pNuh) (123)

or :

G = n
p2rol 2

u N3
u K2

u
g3 Ff FinhFgre

h
Jn�1

2
(x )� Jn+1

2
(x )

i2 ∂
∂g

sinc2 (pNuh) (124)

with re the electronic density, ro the classical radius of the electron.

2.4 Phase evolution and pendulum equation

2.4.1 Pendulum equation

Let’s consider now the phase given by z = (nku + k)s̃�wt. It evolves as :
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Besides, applying the second Lorentz equation, as :
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e
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Chromatic effect:

Bunch lengthening effect:



Strategies for energy spread mitigation
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Strategies for energy spread mitigation

7shorter path

longer path

gas jet undulator
⟹ R522 ≃ R544 ≃ 0.3 m



Chromatic matching
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SASE vs seeding
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The COXINEL beamline



Schematic of the beamline

11Operation parameters: 150-200 MeV electrons, UV seeding with harmonics of 800 nm (starting from H3)



Implementation of SOLEIL beamline in Salle Jaune (LOA)
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Experimental chamber for 
LWFA + first 3 quads

Chicane + seed 
injection

Matching quads

Undulator

Beam and radiation 
diagnostics
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Beamline

Implementation of SOLEIL beamline in Salle Jaune (LOA)



Electron beam at the LWFA source
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Electron beam generation from LWFA in ionisation injection regime:

- Spectral charge density of about 1 pC/% 
- Divergence of 1.5-2 mrad (rms), 3-4 mrad (FWHM) 
- Fluctuations: about 10% shot to shot 
- Reproducible operation over the day

Available on-target laser energy so far: 1.25-1.5 J

To increase spectral charge denisty, Salle Jaune is currently under upgrade to double the on-target laser energy to 2.5-3.5 J



Summary
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Spectral charge density and divergence are key parameters from LWFA; 
ongoing laser upgrade at LOA. 

Transport requires adequate controls: orbit and dispersion knobs, optimised 
focusing. 

Observation of the angulo-spectral distribution of spontaneous undulator 
radiation 

High-quality undulator radiation with optimised transport and using e-beam 
monochromator, wavelength and bandwidth control, second harmonic 
generation 

Work presented on behalf of the COXINEL collaboration:

Dx corrected


