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Abstract

The AQUA beamline of the EuPRAXIA@SPARC_LAB
infrastructure consists of a Free-Electron Laser facility
driven by an electron beam with 1 GeV energy, produced by
an X-band normal conducting LINAC followed by a plasma
wakefield acceleration stage, with the goal to deliver variable
polarization photons in the 3-4 nm wavelength range. Two
undulator options are considered for the AQUA FEL ampli-
fier, a 16 mm period length superconducting undulator and
an APPLE-X variable polarization permanent magnet undu-
lator with 18 mm period length. The amplifier is composed
by an array of ten undulator sections 2m each. Performance
associated to the electron beam parameters and to the undu-
lator technology is investigated and discussed.

INTRODUCTION

The EuPRAXIA project is expected to realize and demon-
strate use of plasma accelerators delivering high bright-
ness beams up to 1-5 GeV for users [1]. During the
first phase, the Free-Electron Laser (FEL) facility Eu-
PRAXIA@SPARC_LAB will be constructed at the INFN-
LNF laboratory [2]. This will be driven by the beam acceler-
ated to 1 GeV energy within the plasma wakefield accelerator
(PWFA) scheme, where a properly tailored electron bunch
is injected into the plasma wave [3].

The AQUA 1 FEL beamline of the project will be operated
in Self-Amplified Stimulated Emission (SASE) mode with
3-4 nm target wavelength, i.e. 310-410 eV photon energy,
where water is almost transparent to radiation, while nitrogen
and carbon are absorbing and scattering. This range belongs
to the so called water window, where for instance 3D images
of biological samples can be obtained processing several
X-ray patterns by means of coherent diffraction imaging ex-
periments: an ideal technique that could allow to reconstruct
images of viruses or cells in their native environment [4].

∗ federico.nguyen@enea.it
1 Water in Latin.

CHOICE OF THE UNDULATORS
Table 1 shows the electron beam values expected and

assumed for the undulators assessment and for evaluating
the AQUA FEL performance. The Linac driving the AQUA

Table 1: Electron Beam Parameters

Quantity Value

Charge 𝑄 30 pC
Energy 𝐸beam 1 GeV
Peak current 𝐼peak 1.8 kA
RMS bunch length 𝜎𝑧 2 µm
Proj. normalized 𝑥, 𝑦 emittance 𝜀𝑛 1.7 mm mrad
Slice normalized 𝑥, 𝑦 emittance 𝜀𝑛 0.8 mm mrad
Proj. fractional energy spread 𝜎𝛿,𝑝 0.95 %
Slice fractional energy spread 𝜎𝛿,𝑠 0.05 %

FEL includes two pairs of eight X-band accelerating cavities,
separated by a magnetic bunch compressor and followed by
the PWFA module. The final design of the layout is still in
progress, with the following main features:

• peak current from the S-band photoinjector;
• slice energy spread goal of 0.05 % or lower;
• energy spread and transverse quantities under control

operating at 0.85 GeV/m accelerating gradient.

In addition to the coherent imaging opportunities men-
tioned before, the chance to have variable and selectable
X-rays allows to study [5] chemical properties of materials
by means of switchable FEL polarization. Thus, the main
requests to the undulator configuration are the following:

• deflection strength 𝐾 ≃ 1 at resonant 𝜆 ≃ 3-4 nm;
• selectable linear and circular polarization;
• some contingency in the total active length;
• some flexibility in the wavelength tuning range.

Figure 1 shows the FEL saturation length as a function of
undulator period and resonant wavelength, evaluated with
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the 1D FEL performance scaling laws [6] assuming the pa-
rameters of Table 1 for a planar permanent magnet out-of-

Figure 1: Saturation length contour plot as a function of
undulator period and resonant wavelength.

vacuum undulator with remanent field strength 𝐵𝑟 = 1.2 T
and minimum gap of 6 mm. From Fig. 1 it results that:

(1) 𝜆𝑢 = 18 mm period implies some tuning range, plus a
wide saturation length contingency, especially if oper-
ating at 4 nm resonant wavelength.

(2) 𝜆𝑢 = 16 mm period increases the saturation length
limit, but with almost no wavelength tuning range, be-
cause of the deflection strength limit;

The adopted undulator solution is the Apple-X [7–9] with
18 mm period and remanent field strength 𝐵𝑟 = 1.35 T. The
design envisages a 5 mm external diameter vacuum cham-
ber for electrons propagation. The minimum feasible gap
is 1.5 mm, as the compromise between the requested field

Figure 2: AQUA schematic undulator layout.

strength and mechanical constraints of the magnets. This
structure allows to achieve 𝐾max = 1.2 (𝐾max = 1.7) in case
of circular (linear) polarization.

BASELINE UNDULATOR LAYOUT
The AQUA baseline SASE undulator section consists of

10 modules, each with a length of 110 periods ≃ 2 meters.
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Figure 3: Horizontal (red solid line) and vertical (blue dotted
line) profile of the electron beam inside the undulator plus
FODO sections in LP mode: the green spots indicate the
integral gradient field values specified on the right 𝑦-axis.

Figure 2 shows the scheme of the undulator line, featuring the
inset zoom of the magnetic unit cell made of the undulator
and FODO sections. The magnetic length of the quadrupoles
is about 10 cm. For a 1 GeV electron beam energy, the choice
to have the intra-undulator distance of about 60 cm, together
with Twiss average 𝛽𝑥,𝑦 parameter and 𝐾 values constrain
the quadrupole integral gradient fields requested to operate
the Apple-X modules at 4 nm wavelength, in either linear
(LP) or circular (CP) polarization.
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Figure 4: Horizontal (red solid line) and vertical (blue dotted
line) profile of the electron beam inside the undulator plus
FODO sections in CP mode: the green spots indicate the
integral gradient field values specified on the right 𝑦-axis.

Figures 3 and 4 show the transverse profile of the electron
beam subject to the undulator plus FODO sections in respec-
tively LP and CP operations with ⟨𝛽𝑥,𝑦⟩ = 8 m. The integral
gradient field values are indicated by means of green spots
indicating values on the 𝑦-axis specified on the right.



40th International Free Electron Laser Conference,Trieste

JACoW Publishing

ISBN: 978-3-95450-220-2

ISSN: 2673-5474

doi: 10.18429/JACoW-FEL2022-MOP46

SASE FEL

109

MOP: Monday posters: Coffee & Exhibition

MOP46

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2022). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.



The behavior of the integral gradient field values is inves-
tigated with raising the electron beam energy, while keeping
constant all other parameters. In order to accommodate the
same focusing factors, integral gradient fields have to be
increased. Figure 5 shows that field values stay on the order
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Figure 5: Integral gradient field values and resonant wave-
length as a function of electron beam energy.

of about 1 T, or even smaller for both polarization modes,
with asymmetric quadrupole field strengths in the LP FODO
configuration, as expected. The following considerations
are drawn:

• quadrupole field strengths are such to sustain even
higher beam energies, and so shorter wavelengths with
the same undulators;

• if 𝐸beam = 1.2 GeV, it is possible to operate at 3 nm
wavelength with the same quadrupole and undulator
devices, and with larger saturation length and pulse
energy contingencies than with 𝐸beam = 1 GeV.

FEL performance can be enhanced with respect to the
baseline design by adding upstream the planar NbTi su-
perconducting undulator prototype under development in
collaboration with the Fermi National Accelerator Labora-
tory [10].

FEL PERFORMANCE
With the electron beam parameters of Table 1 and same

FEL scaling laws, the number of photons per pulse 𝑁𝛾/pulse
is evaluated for both polarization modes. Figure 6 shows
the number of photons per pulse, evaluated as a function of
resonant wavelength and electron beam energy for LP (top)
and CP (down). Tunability is achieved in both beam energy
and undulator gap:

• undulator gap gives limited lever arm;
• wider tunability in CP than in LP mode;
• by increasing the beam energy, there is the chance to

probe water window with 𝑁𝛾/pulse ∼ 1011 yields at
4 nm (LP) and 3 nm (CP) wavelengths.

LINEAR

CIRCULAR

Figure 6: Number of photons per pulse contour plot as a
function of resonant wavelength and electron beam energy
for linear and circular polarizations.

The average electron beam slice parameters are used to per-
form 3D time dependent simulations with the Genesis1.3
code [11] assuming four undulator plus related FODO mag-
netic lattice configurations: linear and circular polarizations
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Figure 7: Growth of the FEL pulse energy along the propa-
gation coordinate for the specified working points.

targeting 4 nm and 5.75 nm wavelengths, the latter being as-
sociated to the 𝐾max deflection strength parameter. The ideal
Gaussian current profile is assumed with 𝐼peak = 1.8 kA and
𝑄 = 30 pC. Figure 7 shows the growth of the FEL pulse en-
ergy along the propagation coordinate, and Table 2 lists the
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Table 2: FEL Performance Summary of the 4 nm and 5.75 nm Wavelengths Working Points for both polarizations

Working point LP Kmax LP 4 nm CP Kmax CP 4 nm

resonant 𝜆 [nm] 5.75 4.01 5.75 4.01
photon energy [eV] 215 309 215 309
matching ⟨𝛽⟩ [m] 6 8 6 8
Pierce 𝜌1𝐷 [10−3] 1.8 1.4 2.0 1.5
gain length1𝐷 [m] 0.56 0.79 0.41 0.57
satur. length [m] 16.8 23.4 14.3 20.8
satur. ⟨power⟩ [GW] 0.39 0.24 0.49 0.28
exit 𝐸pulse [µJ] 23.9 11.6 33.0 13.7
exit bandwidth [%] 0.15 0.09 0.22 0.12
exit pulse lengthRMS [fs] 6.10 3.50 6.12 3.76
exit divergence [mrad] 0.032 0.023 0.031 0.022
exit trans. size [µm] 200 130 190 130
exit N𝛾/pulse [1011] 6.9 2.3 9.5 2.8

main parameters characterizing the FEL performance of the
AQUA beamline for the working points under investigation.

CONCLUSION
The AQUA undulator section and related magnetic lattice

targeting 3-4 nm wavelengths are designed, and they are able
to sustain 𝐸beam > 1 GeV energies. This consideration paves
the way to operate at the water window range with enhanced
contingency in terms of saturation length and pulse energy.
Reference beam parameters are used for time dependent
simulations for both linear and circular polarizations, at
5.75 nm and 4 nm working points: the goal to produce a
photon yield of 𝑁𝛾/pulse ≃ 𝒪(1011) is within reach.
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