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Laser plasma accelerators (LPA) can sustain GeV=m accelerating fields offering outstanding new
possibilities for compact applications. The LPA beam brightness can now be comparable to radio-
frequency accelerators’ (RFA), thanks essentially to the beams short duration (< 3 fs) and low emittance
(as small as 0.1 micron). Still, the mrad level divergence and few percent level energy spread, remain
limiting parameters in the cases of demanding applications such as free electron lasers (FELs). Several
concepts of transfer line were proposed to mitigate those intrinsic properties targeting undulator radiation
applications. We study here the robustness of the chromatic matching strategy for FEL amplification at
200 nm in a dedicated transport line, and analyze its sensitivity to several parameters. We consider not only
the possible LPA source jitters, but also various realistic defaults of the equipment such as magnetic
elements misalignments or focussing strength errors, imperfect undulator fields, etc.
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I. INTRODUCTION

Free electron lasers (FEL) now provide powerful, tune-
able and short pulses in the x-ray spectral range [1–8].
Forty years after their invention [9] and first operation in
the visible and infrared range [10–12], FELs are presently
revolutionizing users applications.
As conventional lasers, FELs rely on a gain medium and

an amplification process. The gain medium consists of free
relativistic electrons of Lorentz factor γ submitted to the
periodic permanent magnetic field of an undulator [13].
The wiggling of the particles in the magnetic field results in
the emission of synchrotron radiation at the so-called
“resonance” wavelength λr given by λr ¼ λu=ð2γ2Þ × ð1þ
K2

u=2Þwith λu andKu respectively the undulator period and
deflection parameter. The emitted synchrotron radiation
(corresponding to the FEL spontaneous emission) further
progressing along the undulator, can interact with the

electrons resulting in an energy modulation of the electron
bunch, which gradually transforms into a density modula-
tion at the resonance wavelength. The emitters are organ-
ized in phase, leading to longitudinal coherence and their
radiation gets amplified to the detriment of the kinetic
energy of the electrons. The higher the electronic density,
undulator length and resonant wavelength, the higher is the
gain. But it falls for lower electron beam energies. Short
wavelength FELs thus require long undulators and electron
beams of high brightness.
The FEL wavelength can be tuned by changing the

undulator magnetic field or the electron beam energy. In
the case of FEL oscillators, for which an optical cavity
feeds the radiation back to the undulator gain medium,
the tuning range is limited to the VUV [14] due to gain
and mirror performance limitations. Self-amplified spon-
taneous emission (SASE) FELs [15–17], where the gain
is enough to lead to the exponential amplification within
one single pass in the undulator, are more suitable for
short wavelengths delivery. As a drawback, the SASE
FEL pulses longitudinal and spectral distributions present
spikes and jitter because the different trains of radiation
are not correlated. After low gain coherent harmonic
generation [18], seeding with an external coherent source
tuned at the resonance wavelength was found to dramati-
cally improve the longitudinal coherence and reduce the
jitter, intensity fluctuations and gain length [19,20].
Finally, the FEL polarization is determined by the
undulator helicity. X-ray FELs have now reached a high
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level of maturity, which makes them a unique tool for the
exploration of matter [13,21,22] and which extends the
frontiers in terms of light source performance (power,
short pulse duration, versatility, etc…).
Independently, it is also of high interest to explore the

possibilities of operating an FEL with emerging technol-
ogies. All existing FELs indeed rely on electron beams
delivered by conventional radio-frequency accelerators.
The laser plasma accelerators (LPAs) [23] with their recent
progresses in terms of beam performance appear to be an
attractive alternative and are worth being qualified for an
FEL application [24–26].
So far, only synchrotron radiation in the spontaneous

regime has been observed on LPAs [27–30] essentially
because the produced and transported electron beams did
not fulfill several FEL requirements. In the undulator, the
slice energy spread should indeed be smaller than the FEL
amplification rate, the normalized emittance ϵn should not
be too large with respect to the wavelength ϵn=γ < λr=4π
and the Rayleigh length should be larger than the gain
length [31]. Besides, initial large divergence and energy
spread can induce during transport emittance growth due to
chromatic effects [32,33], which both dramatically reduce
the expected gain in the undulator. With an initial electron
beam of typically 1 mrad divergence and 1% energy spread,
a straightforward amplification cannot be achieved [34].
But several strategies can be implemented to overcome
those issues.
Practically, the electron beam divergence can be handled

using passive [35] or active [36,37] plasma lenses, or
strong permanent magnet quadruoples [38]. Concerning
the energy spread, several techniques were suggested based
for instance on a demixing chicane [26,39] which sorts the
electrons longitudinally according to their energy, or on a
transverse gradient undulator [40,41] which sorts them
horizontally. For rather long wavelengths, the chicane also
enables to stretch the electron beam allowing the optical
radiation pulse not to escape from the electron beam
longitudinal distribution under the slippage effect (since
the photons are traveling slightly faster than the electrons,
the radiation pulse naturally progressively slips ahead of the
electron bunch). More recently it was also proposed to take
advantage of the longitudinal energy sorting introduced by

the chicane to synchronize the focussing of the electron
bunch slices with the advance of the radiation pulse. In this
so-called chromatic matching regime [38], the effective
gain can be significantly increased.
The COXINEL line [42,43] (see Fig. 1) relies on both the

implementation of strong permanent magnet quadrupoles at
the LPA exit and of the chromatic matching strategy.
Following the LPA, a first set of strong permanent magnet
quadrupoles enables indeed to refocus the highly divergent
electron beam in order to minimize further chromatic
effects in the transport line. Four dipoles set in chicane
configuration then sort the particles in energy along the
longitudinal direction. Following the chicane, four electro-
magnetic quadrupoles set the chromatic matching optics
required for radiation emission and amplification in the last
stage, that is the undulator.
In this paper, we present a detailed study of the robust-

ness of the COXINEL transport line enabling FEL ampli-
fication in the VUV (200 nm) range. Relying on an LPA
reference case compatible with today possibilities, we
present the sensitivity of the FEL to the electron beam
parameters. We also analyze the dependency of the FEL
performance in eventual equipment defaults, taking into
account the feasibility of today magnet alignment and
magnetic field measurement resolutions. Finally we discuss
perspectives towards shorter wavelengths.

II. TRANSPORT BEAMLINE

A. The LPA electron beam

The technology of electron beam acceleration in plasma
waves has been developing for several decades from
first proposals in the late 1970s [23] to first experimental
demonstrations of narrow spectra beams [46–48]. In state-
of-the-art LPAs, nonlinear plasma waves are driven in a gas
by femtosecond pulses of a multi-TW laser system, and the
bunches of electrons are injected and further accelerated
into these waves to high energies ranging from hundreds of
MeVs up to few GeVs [49].
The properties of the produced electron beams vary

strongly depending on the LPA implementation. In par-
ticular the beam quality is sensitive to the mechanism
of electron injection in the plasma accelerating structure.

FIG. 1. COXINEL schematic view. LPA: laser plasma accelerator, PMQ: Permanent magnet quadrupole, EMQ: electromagnetic
quadrupole, cBPM: cavity beam position monitor [44,45] for orbit correction, Seed: coherent source at 200 nm generated by frequency
mixing using the same IR laser as for electron beam generation. Undulator: center located at 6.796 m from the LPA source point.
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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]:

�
x

x0

�
¼

��
r11 r12
r21 r22

�
þ δ

�
r116 r126
r216 r226

���
x0
x00

�
ð1Þ

�
z

z0

�
¼

��
r33 r34
r43 r44

�
þ δ

�
r336 r346
r436 r446

���
z0
z00

�
ð2Þ

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:

8>><
>>:

σ2xðδÞ ¼ r211σ
2
x0 þ r2126σ

02
x0δ

2

σxx0 ðδÞ ¼ r126σ02x0δ=r11
σ02x ðδÞ ¼ σ02x0=r

2
11

ð3Þ

8>><
>>:

σ2zðδÞ ¼ r233σ
2
z0 þ r2346σ

02
z0δ

2

σzz0 ¼ r346σ0z0δ=r33
σ02z ðδÞ ¼ σ02z0=r

2
33

ð4Þ

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 SðδÞ along the undulator according to:

SðδÞ ¼ −
σxx0 ðδÞ
σ02x ðδÞ

¼ −r11r126δ: ð5Þ

The total geometric emittance ϵt can be derived from the
particle momenta integrating over the energy deviation:

8<
:

ϵ2tx ¼ ϵ2x0 þ
�
r126
r11

σ02x0σδ
�
2

ϵ2tz ¼ ϵ2z0 þ
�
r346
r33

σ02z0σδ
�
2
:

ð6Þ

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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r56 ¼ −r11r126
λr
3λu

: ð8Þ

This chromatic focussing, which can be seen as a
chromatic extension of the linear S2I optics and referred
in the following as chromatic matching (S2I-CM) can
dramatically improve the FEL process [38]. The linear
and chromatic tunings are independent of the source and
only concern the quadrupole settings. To allow a flexible
operation of the S2I-CM optics, four quadrupoles, in
addition to the first refocussing triplet, were implemented
on the COXINEL line.

C. COXINEL magnets

Since the initial LPA beam divergence tends to dramati-
cally increase the emittance through the first refocussing
stage [via r126 and r346 in Eq. (6) and (4)], the first
quadrupole triplet is placed as close as possible to the
electron beam source point at the cost of very high
gradients. Permanent magnet quadrupoles of variable
strength, designed on purpose, are used [64–66]. They
combine a factor 2 gradient tunability, a high maximum
gradient and a compact design.
The demixing chicane relies on four rectangular electro-

magnetic dipole magnets. Those magnets are designed to
ensure a natural closed dispersion and a global straight
path, but also to minimize the transverse focussing effects
and higher order perturbations.
Following the chicane, the electron beam matching

inside the undulator is ensured by a set of four standard
electromagnetic quadrupoles (EMQs).
To steer the orbit, four correctors are also inserted along

the transport line (see Fig. 1). They are of window frame
type, bipolar and working in both planes with a maximum
strength of about 2 mrad.
The space in between the magnetic elements is optimized

to fit the mandatory electron beam diagnostics all along the
transport line [67]. To reach a 200 nm FEL wavelength with
a 180 MeV beam, an in-vacuum undulator [68] at its
minimum (5.5 mm) gap is used. The generated magnetic
field is in the vertical plane.
The final magnetic element is an electromagnetic dipole,

similar to the chicane ones, which is used to dump the
electron beam away from the photon diagnostics.

III. REFERENCE CASE SIMULATIONS

A. Reference parameters

For the sake of simplicity, the simulations do not include
the LPA modeling, for which the computationally intense
particle-in-cell (PIC) methods should typically be used.
For the following studies, an electron beam with Gaussian
distributions in the six dimensions is assumed, which rms
values are listed in Table I for a mean energy of 180 MeV.
Since this approach might be slightly optimistic, the

(expected small) impact of a more refined initial beam
modeling will be investigated in a coming work.
For the further electron beam transport, all the

COXINEL magnets’ relevant parameters are detailed in
Table II.

B. Electron beam transport simulation

The electron beam transport simulations are done in two
steps: a first pass with the BETA code [69] fitting the first
and second order matching to fix the quadrupoles strength,
followed by a sympletic 6D tracking pass based on perfect
hard edge model magnets [70] from the source to the
undulator exit. This simulation tool was benchmarked with

TABLE I. Electron beam parameters at the LPA source point.
Norm. stands for normalized. In the six dimensions, the beam is
assumed Gaussian and with a cylindrical symmetry along the
longitudinal axis.

Parameter Symbol Unit Value

Energy E MeV 180
Charge Q pC 34
Length σs μm rms 1
Peak current Î kA 4
Norm. emittance ϵ πmm mrad 1
Divergence σ0x,σ0z mrad rms 1
Energy spread σδ % rms 1

TABLE II. COXINEL magnets’ relevant parameters. The three
values for PMQs are for each PMQ of the triplet in the beam
propagation order.

Unit Value

PMQs
Magnetic length mm 40.7; 44.7; 26
Min gradient T=m 95.9; −97.6; 86.7
Max gradient T=m 184.2; 186.9; 168.6
Gradient for 180 MeV T=m 102.8; −103.6; 91.9
Chicane dipoles
Magnetic length mm 208.33
Integrated field T mm 130
Max r56 mm 32
Max field T 0.53

EMQs
Magnetic length mm 213.3
Max gradient T=m 20

Correctors
Max integrated field G m 38

Undulator
Period mm 20
Number of periods � � � 100
Min gap mm 5.5
Field at min gap T 0.92
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ASTRA [71] in [72]. Transport simulations were also
alternately achieved using OCELOT [73].
As the electron beam dynamics is extremely sensitive to

the first quadrupole triplet, a dedicated routine has been
written to describe each PMQ gradient profile by slices in
the lattice tracking code. The standard technique using the
equivalent magnetic length with a constant gradient indeed
revealed insufficient.
Figure 2 shows the electron beam transverse phase-space

at the undulator center. According to Eq. (6), the large
spanning of the particles results from the large initial
divergence and relative energy spread causing chromatic
effects along the transport. This spreading requires the use
of a modeling including nonlinear dynamics via second
order map representation of the transport line components,
as it is the case for both codes.
Figure 3 presents the electron beam size envelopes

and emittances along the transport line. The two codes
(BETA with sympletic 6D tracking and OCELOT) are
found in good agreement. The electron beam is focused at
the center of the undulator with a magnification which can
be varied from 10 up to 40 (10 in Fig. 3). The emittance
increases from 1 up to about 2.2 πmmmrad in the earlier
stage of the focussing due to the strong chromatic effects.
Finally, a large transient bunch elongation appears in the
chicane due to the horizontal emittance effect. For this low
energy (180 MeV) and large energy spread (1%), the
different electron speeds also contribute to the bunch
lengthening. The linear term over a distance L is simply
given by:

r56−speed ¼ L=γ2 ð9Þ

which gives 0.045 mm at the undulator center. This value
is small with respect to the chicane strength region of
operation but significantly lengthens the bunch when the
chicane is off by about 15%. Higher order terms are
negligible here, and this effect can be simply considered
as a chicane strength shift. Another source of bunch
lengthening comes from the large divergence of the beam
that tends to push backward the large divergence particles.
This effect, varying quadratically with the initial diver-
gence, may strongly spoil the benefit of the chicane bunch
slice demixing process. Here, this remixing effect is kept
relatively low (down to about 15% of the initial bunch
length for a 1 mrad divergence) but may be drastically
increased by larger divergences.
The model can be refined to include collective effects such

as space-charge and coherent synchrotron radiation (CSR).
The electron beam sensitivity to those effects, without and
with chicane, is illustrated in Fig. 4. Without collective
effects and without chicane [see Fig. 4(a) and blue lines
in 4(g–k)], the beam is slightly decompressed by the natural
particle speed variation according to their energy, and by the
trailing particles effect from the initial large divergence. The
slice emittances present a large slope due to this same trailing
particles effect. With the chicane [see Fig. 4(d) and blue lines
in 4(l–p)], the demixing process is clearly visible on both the
energy spread and the emittances at the cost of the peak
current drop.
The space charge can rapidly deteriorate the bunch,

especially at low energy and for very short bunches. Indeed,
the longitudinal induced energy deviation over a distance L
scales as:

FIG. 2. (Left) Horizontal and (right) vertical phase-spaces at the
undulator center. (Up) Density color map, ranging from red for
higher to blue for lower densities. (Down) Energy color map,
ranging from red for higher to blue for lower energies. Beam
transport simulation in the nonlinear case with BETA and
sympletic 6D tracking using the S2I-CM optics with r11 ¼ r33 ¼
10 and r56 ¼ 0.4 mm.
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δ ∝
Q

γ3σ2s
L ð10Þ

where σs is the rms bunch length andQ is the bunch charge.
Without chicane [see Fig. 4(b) and red lines in 4(g–k)], the

total energy spread is increased by a factor 2, reaching 2%
rms, and enhances the bunch lengthening while reducing the
peak current down to 2 kA. The phase-spaces in the three
planes are distorted. With chicane [see Fig. 4(e) and red lines
in 4(l–p)], phase-space distortions are relaxed. Due to slice
center displacement, the total emittance is increased, but as
shown in Fig. 4(i–j) and 4(n–o), the slice emittance drops
below 1.2 π mmmrad while the slice energy spread is

almost unchanged. In counterpart, the peak current is
dramatically reduced [see Fig. 4(g) and 4(l)].
The chicane decompression relaxes the cumulated space

charge effect, but in counterpart, adds the CSR effect in the
first dipole where bunch length is minimum. Typically,
CSR distorts the energy profile all along the bunch
inducing some horizontal emittance. In the 1D approxi-
mation, the relative energy deviation by longitudinal step
ds in a dipole of curvature radius R is given by [74]:

δ ∝
Q

γσ4=3s R2=3
ds ð11Þ
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This effect is mainly enhanced for very short bunch lengths.
In the COXINEL configuration, the bunch lengthening in
the chicane is dominated by the transient emittance term
(thanks to the large chromatic term and initial large
divergence) that tends to smooth out the CSR effect
especially in the first dipole. The inclusion of CSR, in
addition to space charge, has therefore little impact on the
longitudinal beam properties. As shown in Fig. 4(m) the
slice energy spread remains around 0.25 while, as shown
in Fig. 4(n) and 4(o), the slice emittance only increases
from 1.2 to about 1.3 π mmmrad. The main effect is the
slice to slice orbit variations (transverse position and angle)
that are large and may suppress the FEL amplification [see
Fig. 4(p)]. Without this transient bunch lengthening, the
CSR effect would be more drastic.

C. FEL simulation at 200 nm

The FEL radiation simulations are performed with
GENESIS [75] and CHIMERA [76] codes in seeded mode.
By default, the seed pulse is defined with a peak power of
10 kW, an infinite pulse duration and a Rayleigh length
of 0.5 m with a focussing point at the undulator entrance.
The electron beam resulting from the transport simulation
described above is used as input while the resonance
wavelength is set at 200 nm, for which the U20 undulator
gap is set at its minimum (5.5 mm). A linear tapering is
applied to the undulator field to compensate the linear energy
chirp induced by the chicane. The tapering amplitude is only
driven by the magnification parameter, 2.8% in the r11 ¼
r33 ¼ 10 case studied in the following, and remains
unchanged while the chicane strength is varied [38].
In the seeded FEL configuration, the initial seed pulse

power is exponentially amplified along the undulator
following an evolution in ez=Lg where Lg is the so-called
gain length. This gain length, directly related to the FEL
gain, essentially depends on the electron beam parameters.
As presented in Fig. 5(a), both GENESIS and CHIMERA
simulations of the FEL power growth along the undulator
are found in good agreement. The radiation power reaches
≈50–60 MW with a gain length of ≈16 cm (16.3 cm with
GENESIS and 16.6 cm with CHIMERA), corresponding to
a ≈0.017 Pierce parameter [16]. Near the end of the
undulator, CHIMERA shows a slightly faster saturation
than GENESIS. In the chromatically matched scheme, the
saturation is defined by the chromatic focussing dynamics
and the radiation slippage. The difference between the
codes can therefore be attributed to the fact that the
CHIMERA simulation is unaveraged and consequently
more sensitive to these phenomena. The FEL properties at
the undulator exit are presented in Fig. 5(b–e). The peak
power at the undulator exit is 65 MW (with GENESIS) for
a pulse duration of 14 fs fwhm (4.2 μm fwhm), corre-
sponding to a pulse energy of 0.9 μJ. The final FEL spectral
width is 7 nm fwhm, i.e., less than 4%, while the spot size is
120 μm rms for a divergence below 500 μrad rms.

Figure 6(a) presents scans of the FEL output power
versus chicane strength r56 for different magnifications
(r11 ¼ r33). The FEL power reached at the optimum r56
decreases with the magnification while the optimum r56
shifts towards higher values. As expected from [38], the
maximum FEL power is reached near the synchronous
chicane strength r56−synch.
Figure 6(b) then depicts the influence of the collec-

tive effects on the FEL performance. The space charge
typically spoils the peak power by one order of magnitude.
In these investigations, the quadrupole strengths are not
re-tuned.
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FIG. 5. (a) FEL power along the undulator simulated with (line)
BETA, sympletic 6D tracking and GENESIS, (dashed line)
OCELOT and CHIMERA. (b) FEL peak power longitudinal
profile, (c) FEL spectrum at the undulator exit, (d) FEL radiation
size and (e) FEL divergence along the undulator, simulated with
GENESIS. (a–e) Beam transport simulation in the nonlinear
case without collective effects and using the S2I-CM optics with
r11 ¼ r33 ¼ 10 and r56 ¼ 0.4 mm.
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IV. SENSITIVITY TO LPA PARAMETERS

In order to evaluate the robustness and the main depend-
encies of the expected lasing effect, the sensitivity to the
LPA main parameters and inherent jitters is first studied.

A. Sensitivity to LPA charge and divergence

The most critical LPA parameters for the final FEL
performance remain the charge and the divergence.
Whatever the efforts on the further beam transport, a
minimum initial charge per energy bandwidth together with
a reasonable initial divergence are mandatory for an ampli-
fication to occur. As illustrated for instance in Fig. 7, an
initial charge of 1 pC per % of energy bandwidth hardly
enables to enhance the input seed, while with 5 pC per %, the
amplification reaches more than two orders of magnitude.
Following, Fig. 8 displays in 2D the FEL peak power

dependency to the LPA beam charge and divergence.
Starting from the reference case with 34 pC charge and
1 mrad rms divergence, the peak power drops by one order
of magnitude if the charge is reduced by 10 pC or the
divergence increased by 1 mrad. For charges below 15 pC

or divergences above 3 mrad, the power decrease is found
of two orders of magnitude. The FEL performance is
extremely sensitive to these fundamental parameters.

B. Sensitivity to LPA jitters

The initial source jitters have to be considered as inherent
jitters and are uncorrelated to the laser pointing. In the
following, they are assumed to be of the order of 5 μm rms
in transverse position, 1 mrad rms in angle and 1% rms in
energy spread.
Figure 9(a) displays the rms orbits induced by those

jitters. Thanks to the S2I-CM optics, the orbits are limited
to about 0.15 mm and 0.15 mrad in the undulator and are
dominated by the 1 mrad rms pointing.
Another risk of source jitters is the generation of both

horizontal and vertical spurious dispersion functions when

FIG. 7. FEL peak power at 200 nm along the undulator with a
(black) 1 pC and (red) 5 pC per % of energy bandwidth. Beam
transport simulation with GENESIS without collective effects
using the S2I-CM optics with r11 ¼ r33 ¼ 10 and r56 ¼ 0.4 mm.
Normalized emittance: 0.2 mm mrad, divergence: 1 mrad. FEL
simulation with GENESIS.

(a)

(b)

FIG. 6. FEL peak power at 200 nm versus chicane strength.
(a) Simulation without collective effects and with magnifications
r11 ¼ r33 of (black circle) 10, (red square) 12 and (blue square)
15. (b) Simulation with r11 ¼ r33 ¼ 10 and (black) without
collective effects, (blue) with the space charge and (red) with
the space charge and the CSR. Beam transport simulation in the
nonlinear case with BETA and sympletic 6D tracking using the
S2I-CM optics. FEL simulation with GENESIS.

FIG. 8. Normalized FEL peak power at 200 nm versus electron
beam charge and divergence. Beam transport simulation with
OCELOTwithout collective effects using the S2I-CM optics with
r11 ¼ r33 ¼ 10 and r56 ¼ 0.4 mm. Normalized emittance pre-
served at 1 mm mrad. FEL simulation with CHIMERA.
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passing off-axis through the quadrupoles. Small quadru-
pole offsets act as a dipole spanning the particle trajectories
further amplified by the focussing of the quadrupoles
according to their energy. Even with the orbits corrected,
some dispersion persists. The dispersion functions are
plotted in Fig. 9(b) and exhibit values up to 10 mm in
the undulator region, i.e., as large as the purposed chicane
dispersion function. This effect spreads the beam up
to a final size of 100 μm in the case of 1% energy spread.

This value is equivalent or larger than the beam waist size in
the undulator and may spoil the FEL efficiency.
An immediate consequence of the dispersion increase,

even after orbit correction, is the total emittance growth
by center of mass displacement for each energy slice.
Figure 9(c–d) presents the emittance distribution based
on random source jitters (5 μm rms and 1 mrad rms) with
orbit correction. The total emittances are typically
increased by a factor of 3 to 5 from the pure chromatic
focussing dispersion.
Figure 10 shows the impact of the possible LPA trans-

verse position and pointing jitters on the FEL output power.
A drop by one order of magnitude is reached for displace-
ments above 20 μm rms and angles above 2 mrad rms. The
FEL power decreases for large beam transverse position
offsets and pointings mainly results from the loss of overlap
between the electron beam and the external seed which
remains injected on-axis.

C. Electron beam loss sensitivity

Another important consequence of large LPA beam
parameter deviations from the reference case can be an
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FIG. 9. Effect of random source jitters (5 μm rms in transverse
position, 1 mrad rms in divergence and 1% rms in energy spread)
on the LPA beam quality. (a) Rms orbits in the (red) horizontal
and (blue) vertical plane. (b) Dispersion functions in the (red)
horizontal plane, (blue) vertical plane and (black) horizontal
plane without jitter. (c–d) Statistical emittance distribution (500
tries) without the energy spread jitter, but with transverse position
and divergence jitters (5 μm rms in transverse position, 1 mrad
rms in divergence) and including orbit corrections. Simulation in
the nonlinear case with BETA and sympletic 6D tracking without
collective effects using the S2I-CM optics with r11 ¼ r33 ¼ 10
and r56 ¼ 0.4 mm.

FIG. 10. Normalized FEL peak power at the undulator exit
versus initial LPA beam (a) transverse position and (b) pointing
(angle) in the (red circle) horizontal and (blue square) vertical
plane. Beam transport simulation in the nonlinear case with
BETA and sympletic 6D tracking without collective effects using
the S2I-CM optics with r11 ¼ r33 ¼ 10 and r56 ¼ 0.4 mm. FEL
simulation with GENESIS.
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increase of the beam losses along the transport line, at
the risk of permanent magnets (PMQs and undulator)
demagnetization.
The vacuum chamber diameter along the transport line is

essentially 10 mm, but it falls down to less than 7 mm in the
three PMQs, the cBPMs and in the undulator in the vertical
plane when the gap is closed to 5.5 mm. Assuming this
geometry, the final acceptance as a function of the LPA
pointing and beam energy spread at the source point is
illustrated in Fig. 11. The dark area corresponds to the
space in which the particles can be transported down to the
undulator exit. Particles in the white area are lost in
the vacuum chambers before reaching the undulator exit.
The acceptance falls below the þ= − 20% level already
above a few mrad of pointing, which would correspond to a

drastic rise of the beam losses. The main initial source
parameters that drive large radial excursions are the
divergence and the energy deviation. The losses are there-
fore estimated for three different levels of energy spread δ
using an initial divergence of 1 mrad (see Fig. 12). For δ
below 10%, the losses are negligible. But above 20% less
than 90% of the initial charge reaches the end of the line.

V. SENSITIVITY TO EQUIPMENT DEFECTS

In addition to the inherent LPA source jitters, misalign-
ments and/or defaults of the magnetic components can also
impressively affect the expected FEL performance.

A. Electron beam sensitivity

To study the electron beam sensitivity to those effects, a
random displacement of all the quadrupoles magnetic
center by up to 100 μm, together with a random tilt of
the dipoles of up to 100 μm and a random error on their
possible relative strength of up to 0.1%, are applied to the
transport line simulation.
Figure 13(a) displays the effect on the rms orbits without

and with orbit correction. Without orbit correction, up to
5 mrad slopes together with 5 mm rms orbit amplitudes are
obtained in the undulator, i.e., quite above the half gap
aperture of the undulator. Once the correction is applied
using the two first correctors on the two cBPMs, the orbits
are strongly reduced down to 0.4 mm in the undulator.
Figure 13(b) displays in turn the effect on the rms

spurious dispersion functions, again without and with
orbit correction. The dispersion functions are large at the
undulator location (about 10 mm) and almost unaffected
by the orbit correction. This means that even with a very
small orbit measured on both cBPMs, the spurious
dispersion functions still remain and may strongly affect
the FEL amplification.
The created dispersion functions rise an emittance

increase by center of mass displacement just as in the case
of source jitter (see Sec. IV). As shown in Fig. 13(c),
including only the quadrupoles magnetic center random
displacement and a further orbit correction, the total
emittances typically increase by a factor of 3 to 5 from
the pure chromatic focussing dispersion.
Those large orbit deviations and dispersion functions

are usually corrected on conventional accelerators using
beam based alignment techniques [77]. In the specific
framework of LPA, a specific beam pointing alignment
compensation (BPAC) strategy can be applied [43]. Taking
advantage of the motorized translations of the PMQs
while monitoring the electron beam transverse shape on
dedicated diagnostics, the quadrupole magnetic centers are
tuned to independently minimize the transverse offsets as
well as the dispersion functions. This method suppresses
the eventual misalignments of the quadrupoles as well as of
the LPA laser.

FIG. 12. Beam losses along COXINEL line assuming an
energy spread of (blue) 1% rms, (red) 10% rms and (black)
20% rms together with a divergence of 1 mrad rms. Beam
transport simulation in the nonlinear case with BETA and
sympletic 6D tracking without collective effects using the S2I-
CM optics with r11 ¼ r33 ¼ 10 and r56 ¼ 0.4 mm.

FIG. 11. (Left) horizontal and (Right) vertical acceptance of the
transport line. Beam energy at 180 MeV using S2I-CM optics
with r11 ¼ r33 ¼ 10 and r56 ¼ 0.4 mm. Beam transport simu-
lation in the nonlinear case with BETA and sympletic 6D
tracking.
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B. FEL sensitivity

1. Sensitivity to quadrupole offset

If neither BPAC or orbit correction are applied, system-
atic errors on magnet alignment will spoil the final FEL
gain via, as previously detailed, orbit distortion, dispersion

functions and emittance increases. As shown in Fig. 14 for
instance, an offset of 10 μm on the second PMQ, would
lead to a drop of the FEL output power by one order of
magnitude. The performance degradation here essentially
comes from the impact of the PMQ displacement on the
orbit. The electron beam transverse size in the undulator is
indeed around 80 μm while the seed’s is 200 μm and the
FEL radiation’s between 100 and 150 μm. Without orbit
correction, a 30 μm offset of the second PMQ induces an
orbit displacement of 400 μm driving the electron beam out
of the seed path.
With orbit correction (or BPAC), the power drop is

limited to negligible values up to 200 μm displacements
before loosing a factor 2 at 300 μm. In this case, the FEL
power decrease results from the second order effect of the
dispersion. For a 300 μm offset of the second PMQ, the
dispersion function rises up to 8 mm inducing an orbit
displacement of 80 μm which drives the electron beam in
low power regions of the seed.

2. Sensitivity to quadrupole strength

In Fig. 15, the FEL performance is scanned versus the
chicane strength for various quadrupole strength shifts. In
order to classify the individual quadrupole level of tuning
sensitivity, we detuned their strength one by one until a
drop in the FEL output power by one order of magnitude is
observed. Depending on the considered quadrupole, the
one order of magnitude drop is reached for errors in the 1 to
20% range. The most dramatic effect results from an error
on the second PMQ having the largest integrated strength
together with large optical functions. Since with the S2I-
CM optics the beam focussing is highly chromatic in the
undulator, a detuning of the PMQs and/or EMQs with
respect to the setting for the nominal energy leads to severe
mismatches in the undulator and therefore to a significative
degradation of the FEL gain.
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FIG. 14. FEL peak power at 200 nm at the undulator exit versus
second PMQ radial offset (blue) with and (red) without orbit
correction. Beam transport simulation in the nonlinear case
with BETA and sympletic 6D tracking without collective effects
using S2I-CM optics with r11 ¼ r33 ¼ 10 and r56 ¼ 0.4 mm.
FEL simulation with GENESIS.
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FIG. 13. Effect of random magnet misalignments/defaults on
the electron beam (a) rms orbits and (b) rms dispersion functions,
in the (red) horizontal and (blue) vertical plane, (line) without
and (dashed line) with orbit correction. (c–d) Effect on the
statistical normalized emittance distribution in the horizontal and
vertical plane (500 tries) with orbit correction. Initial undisturbed
emittances are about 2 π mmmrad in both planes. (a–b) Random
displacement of all the quadrupoles magnetic center by up to
100 μm, together with a random tilt of the dipoles of up to 1 mrad
and a random error on their possible relative strength of up to
0.1%. (c–d) Random displacement of all the quadrupoles only.
Beam transport simulation in the nonlinear case with BETA and
sympletic 6D tracking without collective effects using the S2I-
CM optics with r11 ¼ r33 ¼ 10 and r56 ¼ 0.4 mm.

REVIEW ARTICLES PHYS. REV. ACCEL. BEAMS 21, 114802 (2018)

114802-11



3. Sensitivity to the undulator magnetic field

The CHIMERA unaveraged FEL simulations enable
to study the effect of a nonpurely sinusoidal, i.e., real,
undulator magnetic field, where the small phase and
amplitude errors may reduce the effective gain. For the
real case simulation, the magnetic field measurements of an
existing U20 undulator of SOLEIL [78] are used, while in
the ideal case, the magnetic field is perfectly sinusoidal
without any phase or amplitude errors. In the measured
undulator case, electrons with moderate energies may
deviate significantly from the axis, essentially in the
horizontal plane, as shown in Fig. 16(a). To find the best
correction, series of FEL simulations were considered
varying the beam entrance angle and an optimum was
found for a small angle of 27 μrad. After optimization of
the undulator taper in both cases, the FEL power growths
along the undulator are compared in Fig. 16(b). The final
powers are rather close though non-negligible differences
in the amplification dynamics can be observed. In the
measured undulator case, the amplification includes the
part from 50 cm to 90 cm where the gain is partially
suppressed by the beam off-axis drift. In addition, the
pointing at the undulator exit is found slightly off-axis. This
study reveals that the imperfections of the undulator
magnetic field can easily be overcome using the appro-
priate orbit correction at the undulator entrance and exit.

4. Sensitivity to undulator taper

The sensitivity of the FEL output peak power to the
undulator taper is illustrated in Fig. 17 in both the measured
and ideal undulator cases presented previously. Their
behaviors are rather similar and a fall of one order of

FIG. 16. (a) Electron beam trajectory in the horizontal plane
using measured undulator magnetic field and (b) FEL power
along the undulator using (line) measured and (dashed line)
purely sinusoidal undulator magnetic field. Beam transport in
the nonlinear case with OCELOT using the S2I-CM optics
with r11 ¼ r33 ¼ 10 and r56 ¼ 0.4 mm. FEL simulation with
CHIMERA.
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FIG. 15. FEL peak power at the undulator exit versus chicane
strength for various quadrupole strength shifts: (blue) ideal, (dark
green) þ8% on PMQ 1, (red) þ1% on PMQ 2, (light blue) þ1%
on PMQ 3, (purple) þ8% on EMQ 1, (light green) þ4% on
EMQ 2, (black) þ20% on EMQ 3. Beam transport simulation in
the nonlinear case with BETA and sympletic 6D tracking without
collective effects using the S2I-CM optics with r11 ¼ r33 ¼ 10.
FEL simulation with GENESIS.

FIG. 17. FEL peak power versus undulator tapering using
(dotted line) real and (dash squared line) ideal undulator magnetic
field. Beam transport in the nonlinear case with OCELOT using
the S2I-CM optics with r11 ¼ r33 ¼ 10 and r56 ¼ 0.4 mm. FEL
simulation with CHIMERA.
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magnitude in the FEL output power is reached for taper
errors of less than 3%. This level of precision in the
tapering is mechanically achievable on standard U20
undulators in operation at SOLEIL (less than 10 μ pre-
cision achieved).

VI. PERSPECTIVES AT SHORTER
WAVELENGTHS

The sensitivity and robustness of the COXINEL LPA-
based FEL has been examined in detail in the 200 nm case.
As introduced in [42], an extension to a lower wavelength,
40 nm, is also possible using a 400 MeV beam. The beam
transport layout is exactly the same as in the 200 nm case,
except that the initial PMQs setting is changed accordingly
to the energy increase and that the U20 undulator is
replaced by a further smaller period U15 undulator. The
COXINELmagnets configuration for this case is recalled in
Table III. The required seeding power remains 10 kW at
40 nm which is easily achievable using high order
harmonics generated in gas.
Once optimized versus the chicane strength [42], the

peak FEL power reached at 40 nm is in the range of a few
tens of MW. With respect to [42], the peak FEL power has
been here also optimized versus the transport line magni-
fication. As shown in Fig. 18, the optimum chicane strength
increases according to the transport line magnification as
in the 200 nm case, and the best performance is reached for
a magnification of 15 together with a chicane strength
of r56 ¼ 0.25 mm.
In this case, as illustrated in Fig. 19, the peak power at

the undulator exit is 70 MW for a pulse duration of 5 fs
fwhm (1.6 μm fwhm), corresponding to a pulse energy of
0.35 μJ. The final FEL spectral width is 0.7 nm fwhm, i.e.,
less than 2%, and the FEL spot size is 80 μm rms at the
undulator exit for a divergence below 150 μrad rms.

The required increase of energy, from 200 to 400 MeV,
leaves the FEL sensitivity to the LPA parameters
unchanged but relaxes all collective effects. The space
charge is indeed directly related to the inverse of the energy,
while the CSR is related only to the relative energy spread.
The shortening to 40 nm of the radiation wavelength

reduces of course the slippage length along the bunch, but
the efficiency of the chromatic matching is maintained as
shown in Fig. 18.

TABLE III. COXINEL magnets’ relevant parameter for the
40 nm wavelength case using a 400 MeV beam. The three values
for PMQs are for each PMQ of the triplet in the beam propagation
order.

Values

PMQs
Magnetic length [mm] 66 81.1 47.1
Min gradient [T=m] 103.6 −106.2 98.5
Max gradient [T=m] 195.8 199.6 188.2
Gradient for 400 MeV [T=m] 142.2 −142.5 133.4

Undulator
Period [mm] 15
Number of periods 200
Nominal gap [mm] 3.5
Field at nominal gap [T] 1.52
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FIG. 18. FEL peak power at 40 nm at the undulator exit versus
chicane strength using a magnification of (black circle) 15 and
(blue square) 20. Beam transport simulation in the nonlinear case
with BETA and sympletic 6D tracking without collective effects
using the S2I-CM optics with a 400 MeV beam. FEL simulation
with GENESIS.
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FIG. 19. FEL (a) peak power longitudinal profile and
(b) spectrum at the undulator exit. FEL (c) transverse size and
(d) divergence along the undulator. FEL radiation at 40 nm in
optimum case of Fig. 18 (r11 ¼ r33 ¼ 15 and r56 ¼ 0.25 mm).
Beam transport simulation in the nonlinear case with BETA
and sympletic 6D tracking without collective effects using the
S2I-CM optics. FEL simulation with GENESIS.
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VII. CONCLUSION

This paper presents a detailed study of an LPA based
FEL at 200 nm. With typical sate-of-the-art LPA beam
parameters, FEL amplification cannot be achieved unless a
transfer line is used to manipulate this beam and mitigate its
initial large energy spread and divergence. The appropriate
line relies on three PMQs, four EMQs and one in-vacuum
undulator to set a chromatic matching optics. To set the
optics, one should begin by defining the desired magnifi-
cation, which will fix the undulator taper, and then set the
chicane strength which will remain the only variable
parameter to optimize the FEL. The robustness of the
electron beam quality and consequent FEL performance,
was analyzed first as a function of the LPA beam param-
eters and inherent jitters. Because of chromatic effects,
via emittance growth or orbits deviation, the sensitivity to
the LPA beam charge and divergence was found to be
extremely critical. However the considered optics allows
for an interesting robustness to the LPA pointing, which is a
significant advantage considering the present stability of
the LPAs. Sensitivity and robustness were then analyzed as
a function of the magnetic element misalignments and/or
defaults. The most critical point was found to be the
alignment of the first set of PMQs, on which relies the
initial refocussing of the LPA beam. But this sensitivity can
be significantly mitigated applying a BPAC. We also found
that orbit correction enables to compensate for magnetic
field errors even if this might be difficult to achieve in
practice, together with the taper optimization, due to the
LPA beam fluctuations.
Final simulations presented in the case of a 40 nm

LPA based FEL allow interesting prospects of extended
applications.
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Valléau, and J. Vétéran, A panoply of insertion devices at
soleil for a wide spectral range and flexible polarisation,
AIP Conf. Proc. 1234, 519 (2010).

REVIEW ARTICLES PHYS. REV. ACCEL. BEAMS 21, 114802 (2018)

114802-17

https://doi.org/10.1016/j.jcp.2014.11.026
https://doi.org/10.1016/S0168-9002(99)00117-5
https://doi.org/10.1016/S0168-9002(99)00117-5
https://doi.org/10.1063/1.3463255

