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Abstract

LUNEXS (free electron Laser Using a New accelerator
for the Exploitation of X-ray radiation of 5th generation)
aims at investigating compact and advanced Free Electron
Laser (FEL). It comprises one one hand a 400 MeV
superconducting linac for studies of advanced FEL
schemes, high repetition rate operation (10 kHz), multi-
FEL lines, and one the other hand a Laser Wake Field
Accelerator (LWFA) for its qualification by a FEL
application, an undulator line enabling advanced seeding
and pilot user applications in the 40-4 nm spectral range.
Following the CDR completion, different R&D programs
were launched, as for instance on FEL pulse duration
measurement, high repetition rate electro-optical
sampling. The COXINEL ERC Advanced Grant aims at
demonstrating LWFA based FEL amplification, thanks to
a proper electron beam manipulation, with a test
experiment under preparation. As a specific hardware is
also under development such as a cryo-ready 3 m long
undulator of 15 mm period is under development.

INTRODUCTION

Since the laser discovery [1] and the first FEL [2] in the
infra-red in Stanford on MARK II1, followed by the ACO
FEL in Orsay [3] in the visible and UV, and then in the
VUV using harmonic generation [4] in the VUV, free
electron lasers count nowadays as unique light sources in
terms of their properties. Since the early FEL times,
performance characterisation and quest for improvement
was one of the major concerns. For example, in the case
of the Super-ACO storage ring based FEL in France [5,6],
the FEL dynamics was actively studied [7-10] and led to
the first use of a UV FEL, even in combination with
synchrotron radiation for pump-probe two-color experi-
ments [11-16]. Oscillators and coherent harmonic gener-
ation also enable adjustable polarisation thanks to the use
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of elliptically polarised undulators [17-18]. So far, FEL
oscillators have been limited to the VUV [19] because of
the issues related to the mirror performance and degrad-
ation at short wavelengths [20-21]. Short-wavelength
FELs then evolved towards high-gain single-pass-based
systems [22] in the SASE [23] and seeded [24] configur-
ations. Presently, VUV-X tuneable coherent sub-ps pulses
FEL light sources around the word provide record peak
powers (typically GW), peak and average brilliance at
short wavelengths. FEL user facilities (FLASHI,
FLASH2 [25-26], FERMI@ELETTRA in the seeded
configuration [27], LCLS [28] and SACLA [29] in the
hard X-ray) enable to explore unknown phenomena in
various scientific domains. Different directions are now
explored for performance improvement.

In France, activity has been performed in the frame of
international collaborations on seeding, enabling to re-
duce the intensity fluctuations, jitter, the saturation length,
in particular with a seed being generated from high-order
harmonics generated in gas [30-32]. There is also interest
for two-color operation, with first studies on CLIO [33]
and in the pulse splitting configuration [34]. Characteri-
sation of FEL properties is also of concern, both
transversally [35] and longitudinally [36].

LUNEXS PROJECT

The LUNEXS [37-41] demonstrator project (shown in
Fig. 1) aims at exploring several directions for the pro-
duction of short, intense, and coherent pulses between
40 and 4 nm on the first, third and fifth harmonics. It
relies first on a 400-MeV superconducting linac (SC)
with two to three modified XFEL-type cryomodules at
1.3 GHz for high repetition rate CW and thus multiple
user operation. The electron bunch is compressed due to a
dogleg with sextupoles, enabling phase space lineariza-
tion and cancellation of the second order dispersion [41].
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The FEL line is made of two modulators (period 30 mm)
and four cryo-ready radiators (15-mm period) for the
comparison of Echo Enabled Harmonic Generation
(echo) [42] and HHG seeding in terms of FEL spectral
and temporal properties. Two pilot user experiments in
gas phase and condensed matter will qualify the FEL
performance in the different cases.

In addition, another direction will explore the quali-
fication of a laser plasma acceleration process [43] by a
FEL application, using the same FEL line components
and a specific transport line for handling the plasma
electron beam properties (divergence (1 mrad) and energy
spread (1%)) to enable FEL amplification [44-45].

The LUNEXS5 R&D and complementary studies to the
Conceptual Design Report are carried out on specific
programs with their own funding. The progresses on the
different R&D programs are described below.

lah-

Figure 1: LUNEXS sketch: cryomodules (yellow), LWFA
laser hutch (grey), undulators (4 radiators and 2 echo
modulators), pilot user experimental sections.

PARTIAL COHERENCE FEL PULSE
MESUREMENT

Measuring and controlling the temporal properties of
the radiation emitted by LUNEXS is essential. A new
method called MIX-FROG enabling to characterize these
properties even in the presence of partial longitudinal
coherence has been proposed and developed [36]. It is an
extension of the FROG (Frequency Resolved Optical
Gating) technique [46]. The measurement scheme relies
on laser-dressed XUV photoionization: the evolution of
the shot-averaged photoelectron spectrum with the laser/
XUV delay provides a two-dimensional spectrogram (see
Fig. 2a). The statistical properties of the XUV pulses
accumulated during the measurement are then extracted
from this spectrogram considering a superposition of
coherent states [47] using a phase-retrieval algorithm,
inspired from ptychography [48]. The ability of the
technique to measure the pulses produced by LUNEXS
has been validated numerically. Fig. 2a shows the spec-
trogram expected in the EEHG configuration of
LUNEXS [49]. In this regime, partial longitudinal
coherence will arise from the unavoidable arrival time
jitter that exists between the laser and FEL pulses. The
simulations show an impact of jitter on the spectrogram.
The proposed technique however properly retrieves the
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LUNEXS pulse, (see Fig. 2b), as well as the laser pulse
and the envelope of the arrival time jitter (see Fig. 2c¢).

This technique provides a diagnostic for shot-to-shot
pulse fluctuations, but it also enables the characterization
of other phenomena that can reduce the pulse coherence,
including the spatio-temporal pulse distortions or the
limited resolution of the detection device.

The next step is to apply the technique on FEL experi-
mental data. It can also be used for the characterisation of
attosecond high-order harmonics or for infrared lasers.
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Figure 2: a) Photoelectrons spectra vs laser/FEL delay
with and without arrival time jitter. In the presence of
jitter, the new technique allows for the retrieval of b) the
LUNEXS pulse and of c) the laser pulse and the jitter
envelop.

HIGH REPETITION RATE
ELECTRO-OPTICAL SAMPLING

Operation of the LUNEXS5 [37-41] demonstrator at
high repetition rate (shown in Fig. 1) will also present
challenges from the diagnostics point of view. This is
particularly true for shot-by-shot electron bunch shape
characterization.

Classical single-shot electro-optical sampling (EOS)
schemes consist in encoding the electron bunch shape in
the spectrum of a laser pulse. Then an optical spectrum
analyzer (i.e., a grating and camera system) is used for the
final detection. Though very efficient in the low-repe-
tition case, this method cannot be directly applied to high
repetition rates, because of the limited speed of current
cameras (typically in the hundreds of kHz range).

We have tested an alternate method enabling to perform
EOS at high repetition rates (88 MHz for the moment),
using the so-called time-stretch strategy illustrated in
Fig. 3 [50]. The principle is to slow down the EOS signal
(with ps/sub-ps duration) down the nanosecond range,
using dispersion in optical fibers. Eventually, the output
of the system is a replica of the EOS signal (i.e., the
bunch shape), magnified down to the nanosecond scale,
and which can be recorded by an oscilloscope.

We performed a feasibility demonstration of this
method, using Coherent Synchrotron Radiation (CSR)
THz pulses (instead of bunch shapes). The EOS was
performed in a GaP crystal, and the CSR pulses were
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produced at the AILES beamline of the SOLEIL storage
ring. Our EOS setup [51] was able to characterize indivi-
dual THz CSR pulses emitted by the electron bunch at
MHz rates. This strategy will thus be foreseen for the high
repetition rate operation of LUNEXS.

e-bunch near field
or CSR THz pulse

==

several ps
jmm_[Eocva | _oeem
fs laser polarisation
[ |5 ©
dispersion Fiber L2
(Fiber L1) (>>L1)

wavelength to time mapping

several
nanoseconds

\

Pholodetector
+ oscilloscope

T1=several ps

output time(ns)
1 2 3 4 5 6 7 8

T T T T T T

[turn n

0sf ”’W"m f‘\H. Jfr‘ \Wﬂ'ﬁ\ﬂwﬁ“ﬁw”mm
06 4
,‘fm ‘v"-(’ﬂ\“ﬂ.n”m—‘/‘ L e

[turn n+1 [

04} WWM\“

025 n+2
0_
70‘2- i i 1 i i L s 1

5 10 16 20 26 30 35 40
input time (ps)

EOS signal (V)

Figure 3: Time-stretched electro-optical sampling. Upper
part: general principle (see Ref. 51 for the detailed setup).
Lower part: typical series of single-shot EOS pulses. Note
that the repetition rate of the pulses is ~1 MHz, but the
EOS system is actually acquiring at 88 MHz acquisition
rate.

SHORT PERIOD COMPACT
UNDULATOR

SOLEIL has been pioneering in the development of
Pr,Fe ;4B based cryogenic undulators [52-55]. Cooling
down the permanent magnet increases both the remanence
and the coercivity. Because of the absence of Spin
Reorientation Transition at 77 K, such a magnetic grade
can also be directly used at the liquid nitrogen
temperature. A first 2-meter long U18 undulator (18-mm
period) is installed since 4 years on SOLEIL storage ring
and operates successfully for the Nanoscopium long
beamline with a gap of 5.5 mm. Performance are pushed
further on LUNEXS5 with a cryo-ready Ul5 (15-mm
period) undulator of 3-m long and 3-mm gap for the FEL
application.

The selected Pr,Fe ;4B magnets with a coercivity of
1900 kA/m at 300 K and a remanence of 1.31 T enables
operation at room temperature with a peak magnetic field
of 1.59 T, and a cold regime at 77 K with a field of 1.74 T
at 3-mm gap thanks to the increase of the remanence up to
1.55 T. The undulator construction is under progress.

TOWARDS CW OPERATION

There is a clear need for high repetition rate operation
from the LUNEXS user side, e.g. for coincidence experi-
ment, photoemission and imaging.
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In its last phase, the 400 MeV superconducting linac of
LUNEXS shall allow for a high repetition rate (10 kHz)
multi-user operation by multiplexing the electron beam
towards different FEL lines. That requires designing the
RF system for continuous (CW) operation and the R&D
programme LUCRECE was launched for this purpose.
Within this framework, a 1.3-GHz superconducting
accelerating structure and its related components (tuner,
fundamental and HOM couplers, Helium manifold),
based on the TESLA technology will be upgraded for CW
operation. In parallel, a 1.3-GHz 20-kW CW solid state
amplifier (SSA) will be developed, on the base of the
SOLEIL technology already in use at lower frequencies
(350 MHz and 500 MHz). The 20-kW CW operation of
the complete RF unit including the cavity, the power
source, as well as the associated LLRF and control
systems, will then be validated in the CEA CryHoLab test
station from high rate pulsed to CW operation. Perfor-
mance will be compared at 1.8 K and at 2 K. LUCRECE
will gather the three key laboratories of the Ile-de-France
area, Synchrotron SOLEIL, CEA-IRFU and LAL with
three industrial partners, Sigmaphi Electronics (SPE),
ALSYOM and THALES. The joint work from CEA-
IRFU & ALSYOM for the assembly of 103 cryomodules
and from LAL & THALES for the supply of 800 coup-
lers, as in-kind contribution to the European XFEL, will
be extended to upgrade the equipment for use in CW
regime. SOLEIL and SPE, which are already linked by an
agreement of transfer of know-how in the domain of
SSAs, will explore together the possibility of applying
new emerging technologies. Finally, LUCRECE project
aims at closely linking laboratories and companies in a
process of technical valorisation with the aim to
LUNEXS.

TOWARDS A DEMONSTRATION OF FEL
AMPLIFICATION WITH ELECTRONS
GENERATED WITH LASER PLASMA
ACCELERATION

Laser Plasma Accelerator (LPA) presently provides an
electron beam with a typical current of a few kA, a bunch
length of a few fs, an energy in the few hundreds of MeV
to several GeV range, a divergence of typically 1 mrad, an
energy spread on the order of 1%, and a normalized
emittance on the order of 1 m'mm-mrad. It is considered to
use them to drive a FEL but a particular beam handling is
necessary.

In a laser plasma wakefield accelerator [56-58], an
intense laser pulse is focused in a light gas or in a mixture
of heavy and light gases [59]. The rising edge of the laser
ionizes the gas and creates a plasma. As the laser pulse
propagates in the plasma, the ponderomotive force expels
electrons from the optical axis, thus forming a cavity free
of electrons in the laser wake, with large fields enabling
electrons to be accelerated. The best electron beam per-
formance has been achieved with colliding injection [60]
and density transition injection [61].
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One considers here in the LUNEXS case (and in
the COXINEL R&D program) electrons of several
hundreds of MeV, dozens of pC charge, with l-um
transverse size, 1-mrad divergence, and 1-pum longitudinal
size (normalized emittance of ~1 mmm-mrad), few-
femtosecond duration and 1% energy spread. These
values are close to what has been achieved but they
require a specific handling to preserve the emittance and
the bunch length in the transport. The proposed beam
manipulation for COXINEL is the following: The beam is
first strongly focused with adapted quadrupoles of high
gradient close to the electron source and/or with a plasma
lens [62]. The energy spread is handled in passing the
electron beam through a decompression chicane, which
sorts them in energy and can reduce typically the slice
energy spread by one order of magnitude [63]. In ad-
dition, because of the energy-position correlation, the
slices can be focused in synchronization with the optical
wave advance, in the so-called chromatic matching
scheme [64]. An example of FEL simulation in the seeded
configuration is shown in Fig. 4. Further start-to-end
simulations, starting from CALDER-PIC simulations, are
also under way.
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Figure 4: FEL peak power comparison versus chicane
strength. Case of a 5-m undulator of 15-mm period and
1.5-T maximum field seeded with 10 kW at 40-nm wave-
length and 400-MeV beam energy.

A test demonstration experiment is under preparation
under the COXINEL and X-Five programs [65-67].

Electrons will be generated with the 2x60 TW laser at
Lab. d’Optique Appliquée and equipment is under prep-
aration at SOLEIL. The majority of the magnetic
elements (see Fig. 5) of the transport line and their power
supplies are under measurements. The cavity Beam Posi-
tion Monitors (SwissFEL) and Turbo-Integrated Current
Transformer (Bergoz) are under test on the SOLEIL linac.
The profile meters are under design. The experiment
of FEL amplification will be started at 200 nm with a
2-m long U20 undulator (which is ready) and a spec-
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trometer (IHR320 Horiba), presently under test. The
pumping system has been designed and is under pro-
curement. Control will be performed with TANGO. This
activity sets a first step within a larger prospect offer by
the EuPRAXIA program on laser-plasma acceleration
applications.

Figure 5: Picture of the COXINEL chicane dipoles,
steerers and quadrupoles of the second refocusing set
(manufactured by SEF).

CONCLUSION

The LUNEXS R&D is under progress under various
specific programs.
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