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Abstract

Laser Plasma Accelerators know a tremendous develop-
ment these recent years. Being able to reach up to
~100 GV/m, they open new perspectives for compact ac-
celerators. Their performance can be qualified by a Free
Electron Laser (FEL) application. We report here on the
COXINEL (COherent X-ray source INferred from Elec-
trons accelerated by lasers) seeded FEL in the UV using
high-quality electron beam generated by the 150 TW
DRACO laser. We present the COXINEL line developed at
Synchrotron SOLEIL (France), the first results when in-
stalled at LOA and the seeded FEL achieved at HZDR.

INTRODUCTION

The FEL [1] following the laser invention [2, 3] was de-
veloped from infra-red [4], visible [5], UV-VUV [6, 7] in
oscillator and coherent harmonic generation, to X-rays in
the Self-Amplified Spontaneous Emission (SASE) after
demonstrations at long wavelengths [8, 9], thanks to the
high-quality electron beams provided by state-of-the-art
photo-injectors and accelerators. Longitudinal coherence is
improved with external seeding [10] and self-seeding [11].
In the Laser Plasma Acceleration (LPA) concept [12], fol-
lowing the laser discovery, an ultrashort and intense laser
focused in a gas cell/jet excites a plasma oscillation, leads
to a strong longitudinal accelerating field. High power la-
sers using chirped pulse amplification [13] boosted exper-
imental demonstrations with hundred MeV range beams
with few percent energy spread [14-16]. It opened the hope
for driving FELs with LPA [17, 18] considering the use of
a5 fs- 1 PW laser leading to electron beams with 1.74 GeV,
0.1 % energy spread, 10 prad divergence, 20 pum beam size,
1 nC charge and 150 kA peak current. LPA now reaches
~100 GV/m accelerating field with up to 8 GeV ener-
gies [19], 0.4%—1.2% energy spread [20], nC charge [21,
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22], few fs bunch duration [23], and low emittance
(~mm-mrad) [24]. These features, even though not simul-
taneously achieved, get closer to the FEL application re-
quirements. Indeed, the first LPA based FEL has been
demonstrated at SIOM with state-of-the-art LPA perfor-
mance at 27 nm in the SASE regime [25]. The second LPA
driven FEL has been achieved on COXINEL at HZDR in
the seeded configuration at 267 nm [26], enabling for an
improved longitudinal coherence.

COXINEL LINE

The COXINEL line was designed in 2010 considering a
200 MeV electron beam with a 1 mrad RMS divergence,
1 pm RMS beam size, 3.3 fs RMS bunch length, 34 pC
charge, 1 % energy spread, 1 mm-mrad normalised emit-
tance. The divergence is handled via a strong transverse fo-
cusing [27, 28] at the gas jet exit to prevent chromatic emit-
tance growth [29]. The large energy spread is mitigated by
a magnetic chicane, reducing the slice one by its decom-
pression factor while elongating the bunch and reducing
the peak current accordingly. Thanks to this energy/posi-
tion correlation introduced in the chicane, the electron
beam transverse focusing and the light progress along the
undulator can be synchronized (chromatic matching) [28].
Modelling include electron beam transport with collective
effects (space charge, coherent synchrotron radiation) [30],
FEL sensitivity to parameters [31], FEL radiation. The chi-
cane induced energy chirp coupled with undulator disper-
sion leads to a red-shifted FEL [33], and inference fringes
between the seed and the FEL appear.

The COXINEL equipment have been prepared. The
magnetic elements include the QUAPEVA permanent
magnet quadrupoles for the initial strong focusing, with
gradients up to 200 T/m and 50 % variability [33-35], four
chicane electromagnetic dipoles for the slice energy spread
reduction and the seed mirror insertion, an electromagnetic

C - Compact Light Sources



67 ICFA Adv. Beam Dyn. Workshop Future Light Sources
ISBN: 978-3-95450-224-0

dipole dump, four electromagnetic quadrupoles for the
chromatic matching and four electromagnetic correctors.
Short period high field 2 m long undulators [36] are used:
first the spare SOLEIL In Vacuum Undulator of 20 mm pe-
riod (IVU20), replaced by a Cryogenic permanent Magnet
Undulator of 18 mm period (CPMU18#2) [37, 38], and by
the IVU20#8 for the HZDR (maximum deflection parame-
ter K, of 2.47 at 4 mm gap). Diagnostics include five mo-
torized electron beam imagers, two Turbo Integrating Cur-
rent transformers (ICTs) [39], a spectrometer and an UV -
CCD camera collecting the radiation at the line exit with a
lens doublet for imaging the radiation along the undulator.
The different parts, including the mechanical and vacuum
ones, have been pre-assembled and aligned on the gird-
ers [40-42].

COXINEL FIRST RESULTS AT LOA

The COXINEL has been installed and aligned in 2016 in
Salle Jaune at LOA, for using the 60 TW, 800 nm, 30 fs
FWHM Ti:Sapphire laser for the LPA. The electrons were
generated mainly in the ionization injection scheme with
the laser focused into a supersonic jet filled a gas mixture
(99% Helium, 1% Nitrogen), leading to broad energy spec-
tra with typical 3.5 mrad slice vertical divergence. The
electron beam has been rapidly transported. A Beam Point-
ing Alignment Compensation method, using the transfer
matrix response of the line in BETA [43] and the translation
of the QUAPEVA magnetic axis enables to independently
adjust the electron beam position and the dispersion [44].
The residual skew quadrupolar components of the QUA-
PEVAs have been corrected [45, 46]. A slit was then in-
serted in the chicane to reduce the electron beam energy
spread [47]. Further LPA improvements enabled to limit
the divergence and improve the charge density.

Following first LPA based undulator radiation measure-
ments [48-50], the COXINEL undulator radiation has been
characterized, first with its transverse pattern [44] and then
with its spectrum, enabling to adjust the resonant wave-
length with the undulator gap [51] and to control the line
spectral bandwidth by adjusting the energy spread via the
slit width in the chicane, showing a good agreement with
electron beam transport and SRW undulator radiation sim-
ulations [53] and analytical expressions.

The electrons and the seed (High order Harmonics gen-
erated in Gas at 200 and 270 nm, EKSMA kit at 270 nm),
were spatially overlapped (imaging in the undulator), spec-
trally tuned (spectrometer) and synchronised (photodiode,
spatial interference, Hamamatsu FESCA streak camera).
Despite the electron beam improvements (1.5 mrad diver-
gence and 1.5 pC/MeV) thanks to a laser upgrade, its qual-
ity was still too far from the baseline reference parameters
for achieving the seeded FEL demonstration at LOA.

COXINEL RESULTS AT HZDR

Feasibilities studies in 2020-2021 covered the adaptation
to the infrastructure, new electron beam measurements at
200 MeV, the energy of interest for a seeded FEL at 270 nm
on COXINEL, the adjustment of the electron beam
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transport and FEL modelling with GENESIS [54], an up-
grade of the QUAPEVAs for better vacuum compatibility
and the construction of the IVU#8 undulator.

Figure 1: COXINEL line installed in HZDR LPA cave

The line was transported and installed in the HZDR cave
in October 2021 (see Fig. 1), and aligned with a theodolite
and a laser tracker, using the cross reference of the HZDR
laser positions and fiducial SOLEIL ones.
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Figure 2: LPA e beam generated by the DRACO laser char-
acterized on the magnetic spectrometer.

The HZDR LPA electron beam is operated with the
100 TW branch of the DRACO laser (30 fs FWHM, 2.1 J
on target) in the tailored self-truncated ionization-induced
injection [55] with 99 % He-1 % N, gas mixture, with a
rather good charge and energy stability. Beam loading lim-
its the energy spread to 6 % RMS at 188 MeV [21], a pas-
sive plasma lens by shaping the gas density profile keeps
the divergence small (0.8 mrad in the horizontal plane),
leading to 6.3 pC/MeV FWHM average charge density [26]
(see Fig. 2), with a 14.8 fs FWHM estimated duration [23].

5 8 B
& (mm.mrad)

5

o w

5 8 0
& (mm.mrad)

5

'
1
1
|
1
'
i
'
o w

4 2 4 6 8 10
s axis (m)

Figure 3: Electron beam envelops for different electron
beam energies (ELEGANT simulations [56])

Electron beam was first transported in December 2021
(see envelops in Fig. 3) with up to 150 pC at the exit of the
undulator. Undulator spontaneous emission was also meas-
ured, exhibiting the expected characteristics.

For the seed, a small fraction of the LPA driver laser is
frequency tripled (EKSMA femtokit) with a group velocity
compensation, spectrally and spatially filtered, stretched to
1 ps FWHM, resulting in a 3.9 nm (FWHM) bandwidth
centered around 270 nm. It is injected with 0.8 pJ into the
COXINEL line with an Al mirror, resulting in 0.5 pJ at the
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undulator exit. The seed and undulator radiation are spec-
trally tuned looking at their spectra on the iHR320 Horiba-
Jobin Yvon spectrometer, spatially overlapped by imaging
in the undulator on a Hamamatsu ORCA-II UV camera and
temporally synchronised with a FESCA 100 Hamamatsu
streak camera from HZDR.
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Figure 4: First seeded FEL signal.

During the first delay scan of FEL search in February
2022, the FEL signal was observed, as shown in Fig. 4 [26].
The FEL is red-shifted, as expected [32]. The FEL effect is
confirmed by observing separately the seed, the spontane-
ous undulator radiation and the FEL, and by comparison
with simulations. The quadratic charge dependence is con-
firmed. The FEL wavelength can be tuned with the undu-
lator gap, but also with the delay because of the intrinsic
red-shift and of the seed chirp. The expected fringes result-
ing from the phase-locked interference of the seed and the
FEL are observed [26, 32], confirming the longitudinal co-
herence of the COXINEL seeded FEL. The FEL measure-
ments have been reconfirmed during another experimental
session in Nov. 2022.

CONCLUSION

We have demonstrated the first seeded LPA driven FEL
on COXINEL installed at HZDR, evidencing longitudinal
coherence [26]. Further electron beam improvements are
foreseen for reaching shorter wavelengths.
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