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Abstract
A seeded FEL driven by a linac based on super conducting cavities, generating 108–1010 coherent
photons per shot at 2–5 keV with 0.2–1 MHz of repetition rate, can address the need of a source
devoted to fine analysis of matter using the linear spectroscopy technique. The seeding scheme
described hereafter is a multi-stage cascade upshifting the radiation frequency by a factor 20–40.
The x-ray range can be achieved with a seed constituted by a coherent flash in the extreme
ultraviolet range provided by an FEL oscillator operating at 12–14 nm. The whole chain of x-ray
generation is described by means of start-to-end three-dimensional simulations.

1. Introduction

The generation of free-electron laser (FEL) radiation with high longitudinal coherence degree in the x-ray
range is a very demanding and stimulating research field aimed at producing a tool for the fine
time-resolved analysis of matter, with applications extending from the life sciences to material physics. The
most common operational mode of x-ray FELs is the self amplified spontaneous emission (SASE), where
the amplification starts from the electron shot noise and its longitudinal coherence is intrinsically limited by
the stochastic nature of the start-up process. Partial longitudinal coherence can be achieved by using very
short electron bunches to produce single spiked SASE radiation [1–3] or by means of self-seeding processes
[4, 5], though with very low pulse-to-pulse stability. The seeded amplifier configuration, where the
radiation starting phase is forced by an external narrow-bandwidth coherent source well above the
electrons’ shot noise power, instead, allows to attain the highest degree of temporal coherence and pulse
stability within a shorter distance. FERMI@Elettra [6, 7] represents the unique example of FEL amplifier of
a laser seed pulse in operation, with negligible time jitters and minor pulse to pulse intensity fluctuations. It
operates down to wavelengths of 4 nm with a repetition rate up to 50 Hz. Ti:Sa laser pulses and its
harmonics are particularly suitable as seed for their characteristics in terms of energy (J-class), pulse
shortness (fs-class) and stability. However, these lasers do not provide intense radiation below 120 nm of
wavelength, thus impeding the direct seeding [8] in the soft–hard x-ray range, where other seeding schemes
should be foreseen. As demonstrated at FERMI down to the soft x-ray domain [9], high gain harmonic
generation (HGHG) in multistage cascades allows to produce short wavelength radiation with energy level
comparable to the SASE mode, but with full temporal coherence and small energy fluctuations [10, 11]. In
this configuration, external laser pulses seed the electron beam in a first undulator segment, the modulator,
inducing it to emit the laser frequency itself and its harmonics. A further undulator segment, the radiator,
tuned at the nth harmonics of the previous stage radiation, forces the electron beam to emit coherently this
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resonant frequency. The seed encodes its coherence degree on the FEL radiation, determining the temporal
and spectral distribution of the output. Seeded FEL amplifier operation, in combination with the
generation of harmonics of an IR laser in crystals, has been shown experimentally in the optical-UV range
[10, 12], demonstrated and routinely performed at FERMI up to few nm of wavelength [9]. The reliability
of this scheme in the hard x-ray spectral range, however, has still to be proven. Besides the harmonics’
generation in crystals, the radiation obtained with high harmonic generation (HHG) processes in gases [13,
14] could also be used as seed for FELs [15–17]. Though inherently inefficient, the harmonic radiation
produced in gases could be sufficient to overcome the electron shot noise level down to 12–20 nm,
permitting to reach the x-ray domain by means of cascades. The echo-enhanced harmonic generation
(EEHG) technique [18–21] efficiently reaches the range between extreme ultra-violet and soft x-ray
frequencies and presents good perspectives also toward the hard x-rays. However, despite the recent strong
development in the laser community, operations at high repetition rate are up to now difficultly
implementable for all the seeding schemes based on conventional lasers.

FEL oscillators [22–24] in the soft/hard x-ray range (XFELO) [25] and regenerative amplifiers (RAFEL)
[26–28] have been proposed as direct source of monochromatized coherent x-rays [25, 29, 30] or as source
of seed for subsequent cascades [31]. In this paper, we show a method for producing high-repetition rate,
truly coherent and stable tender x-ray pulses, based on a multi-stage cascade seeded by an extreme
ultra-violet (VUV) FEL oscillator driven by electron beams at the same energy of those alimenting the FEL
cascade. The electron beam is supposed to be accelerated with the two-pass two-way scheme in the compact
super-conducting accelerator equipped with an arc compressor [33], proposed for the MariX project
(multi-disciplinary advanced research infrastructure for the generation and application of x-rays) [32].
MariX should provide 1 MHz, 2–3.8 GeV electron beams with 0.3 mm mrad of emittance at few 10−4 of
energy spread. The use of the superconducting techniques guarantees particularly high electron beam
stability [34–36]. Low temporal shot to shot jitters, joint to seeding schemes, allow to reach a high level of
radiation stability [37]. The oscillator driven by 2–2.6 GeV electron bunches radiates about 13 nm of
wavelength, a value where efficient multilayer mirrors exist and have been widely tested. The oscillator seed
is then injected into a triple cascade with an up-shift frequency factor of 20–40, thus reaching a few
Ångström-class radiation. The seeded high repetition rate FEL source MariX is tailored for time-resolved
spectroscopy with coherent x-rays: therefore, the energy of the individual pulses, at wavelengths of about
6–2 Å, should not exceed the linear response threshold [38]. This implies 107–1010 photons at the FEL exit
per 10 fs-long pulses at several hundred kHz of repetition rate. High longitudinal coherence will enable
pump–probe methods at 10–100 fs accuracy and with high statistics. This option will actually benefit
precision timing measurements as the SASE intrinsic pulse-to-pulse jitters will be substantially eliminated,
as well as the reduced pulse-to-pulse intensity fluctuations, thus approaching the unique performance of
FERMI@Elettra [7] at x-ray energies.

The paper is organized in the following way: the FEL layout is described in section 2. In section 3.1, the
seeded source is analyzed: the behavior of the oscillator, as well as the subsequent 5 × 5 and 7 × 5 cascades
in section 3.2, is described by means of full three-dimensional and time-dependent simulations. We discuss
the nominal parameters of this scheme with realistic parameters comparing them with the SASE output.
Final comments on the implementation of this scheme will be presented in the
conclusions.

2. FEL accelerator layout

All our analyzes rely on the electron beam foreseen by the accelerator of the MariX project presented in
reference [32]. MariX is based on the innovative design of a two-pass two-way superconducting linear
electron accelerator, equipped with an arc compressor [39, 40], to be operated in CW mode at 1 MHz. Its
layout is discussed in details in reference [33]. The injector is capable of producing trains of four electron
bunches, with a repetition rate of 0.5 MHz and a spacing of 10 ns between electron bunches and 2 μs
between different trains. The characteristics of the electron beam, as evaluated after start-to-end simulations
from the cathode, through the sequence linac-arc-linac, to the exit of the accelerator, are listed in table 1.
The electron beam longitudinal phase space distribution was manipulated by adding two additional
quadrupoles and steering magnets in the arc and by introducing a dedicated dogleg upstream the FEL to
remove the residual dispersion, resulting in the distribution shown in figure 12 of reference [33]. As studied
and demonstrated in reference [34], the superconducting technology allows to achieve low jitters and
fluctuations of the electron beam. These increased stability conditions, together with the seeded mode FEL
operation, give the possibility to produce a fully coherent, high repetition rate and highly stable x-ray
source.
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Table 1. Electron beam for MariX FEL.

Electron beam energy GeV 1.6–3.8 Rms relative energy spread 10−4 5–3

Charge pC 8–50 Electron bunch duration fs 2.5–16
Current kA 1.3–1.6 Slice energy spread 10−4 4–2
Rms normalized emittance mm mrad 0.3–0.5 Slice normalized emittance mm mrad 0.3–0.5

Figure 1. Segmented undulator scheme for a three-stage cascade driven by a EUV FEL Oscillator and made of two long period
harmonic generators and one short period radiator. The undulators’ modules are separated by quadrupoles and other radiation
diagnostics, indicated in red, while the undulator stages are connected via two small delay lines for the radiation. The scheme also
highlights the electron beam structure, showing a sequence of electron beam packets entering the system: b1, . . . , b4 are successive
electron bunches, each spaced by 3 m; m1, . . . , m4 are the mirrors of the oscillator (m3, m4 spherical mirrors), m5 and m6 are
focusing mirrors of the transport line.

After the second passage through the linac, the electron beam is matched to the undulator device. To
obtain radiation with wavelength in the desired range (6–2 Å, or in energy 2–5 keV) with the moderate
electron energy provided by the MariX superconducting accelerator (at maximum 3.8 GeV), a radiator
constituted by a short period undulator is considered. According to the resonance condition

λ =
λw

2γ2
(1 + a2

w), (1)

where aw is the undulator parameter and γ the electron Lorentz factor, we can deduce that a period of
λw = 1.2 cm is suitable to cover the desired wavelength range. The global structure of the undulator,
instead, depends on the seeding scheme and emission mechanism.

3. Seeded FEL operation

The cascaded seeded FEL considered for MariX is based on the segmented undulator scheme shown in
figure 1, consisting of two stages of longer period undulators (respectively of period λw = 5 cm and 2.8 cm)
for the harmonic generation process and a third shorter period (λw = 1.2 cm) undulator as radiator.

3.1. The seeding source
The seed is delivered by an oscillator working at λO = 13.6 nm, schematically represented on the left of
figure 1. Each electron bunch train is made of four electron bunches spaced by 10 ns and only the front
electron bunch (b1 in figure), at the head of each train, seeds the oscillator. Since the electron beam
alimenting the system is deteriorated by the radiation process, it is dumped after the passage into the
oscillator undulator, and the radiation inside the oscillator is synchronized with the following head electron
bunch. The repetition rate of the FEL radiation yield turns out to be 0.5 MHz. Due to the rather low
electron bunch length and the need to preserve its quality throughout the whole FEL line, the other three
electron bunches of each train (b2, b3, b4 in figure) are delivered, through three dedicated transfer lines, to
the entrance of each cascade stage. This scheme requires a high repetition rate electron beam, an undulator
to provide FEL gain and an optical cavity to recirculate the radiation, allowing it to interact with following
fresh electron bunches over many passes.

The oscillator, alimented by the electron beam at about 2.0 GeV, is constituted by an undulator segment
with period λw = 5 cm and aw = 2.77, similar to the first undulator of the cascade. It is embedded into a
folded ring cavity composed by a minimum of 4 mirrors, two of which focusing. For an oscillator repetition
rate of 0.5 MHz, the total cavity length Lc should be 600 m and, considering for instance 4 mirrors, the
distance between two of them is about Lc/4 = 150 m. Besides the specifics of the electron beam, the
oscillator output depends on the length of the undulator module, on the reflectivity and length of the
optical round trip line, given by the recirculation distance Lc minus the slippage length NwλO accumulated
in the undulator (Nw being the number of undulator periods). The full calculation of the oscillator
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Figure 2. Reflectance of the Mo/Si mirror as function of the wavelength λs for one mirror (R) and four mirrors (R4), compared
with first passage SASE oscillator spectrum (green curve) and seeded spectrum (red curve) at saturation in the oscillator.
Incidence angle: 3 degrees from the normal.

supermodes [26] is here performed completely numerically in a way similar to that described in reference
[23]: extracting the radiation field simulated by GENESIS 1.3 from the oscillator undulator, driving it
through the optical line accounting for the effects of mirrors and propagation, and superimposing it on the
successive electron bunch. The microscopic distribution of the electron beam is changed shot to
shot.

3.1.1. The mirrors
The oscillator wavelength, λO = 13.6 nm, corresponds to the optimum wavelength for Mo/Si multilayer
mirrors [41, 42]. The effect of the mirror on the radiation pulse is described by the transformation:

E(x ′) =

∫
dkR(k)

∫
dxE(x)eik·(x−x ′) (2)

where E is the electric field, R is the mirror reflectance and k = 2π/λ0 is the radiation wave vector. As
shown in figure 2, the reflectivity of one mirror in normal or quasi-normal incidence exceeds R = 0.75,
with the optical line’s transfer function width of the same order as the SASE bandwidth and much larger
than the seeded radiation spectra [42].

The spectral filtering of the mirrors is therefore important in the first stage of the cavity loading only,
and then almost completely inessential. The angular filtering is also ineffective, because the mirror
acceptance is about 0.15 rad [43], a value extremely larger than the divergence of the FEL pulse, of the order
of hundreds–tens μrad. The purification of spectral and temporal distributions occurs via the reiterated
amplification of the best SASE spike. The reflectivity after four reflections is about R4 = 0.3, while the
fraction coupled to the line matching the seed to the first cascade module consists of about 25% of the
oscillator yield.

3.1.2. The undulator
The operation of the oscillator is shown in figure 3: the left panel reports the round trip power growth
versus the undulator length for Lw = 8 m in few significant cases, while the right panel shows the energy
loading as function of the number of round cycles for different values of the undulator length Lw from 6 to
10 m. This range corresponds to the best FEL operation, that should be at about Lw = 2πZR (ZR being the
Rayleigh length). For an electron beam with σx,y ≈ 35μm the Rayleigh length is about 1.1–1.2 m, and Lw

turns out to be indeed of the order of 7.5 m. The oscillator goes to saturation in about 10–50 passages,
depending on Lw, with slight intensity oscillations around the final average value Esat, a sort of breathing of
the system already observed in reference [44]. As reported in the left panel for the case Lw = 8 m, the same
occurs to the round trip power growth, which oscillates after the 10th radiation passage in the
cavity.

In the case of shorter undulators (Lw < 7 m), the radiation saturates at a very low level (E ∼ 1 nJ) and
the coherence stage is not reached. Intermediate states with 7 m < Lw < 9 m show moderate energy values
(E ∼ 100 nJ to 10 μJ) but high coherence levels, attained in 30–50 cycles. For undulators larger than 9 m,
tens–hundreds μJ are emitted with moderately good longitudinal coherence in about ten cycles. Non linear
saturation effects appear in the case of longer undulators (Lw � 9 m), with the effect of deteriorating the
coherence degree. The dependence of the saturation energy with respect to the undulator length, presented
in figure 4, shows a threshold for the emission at around 7 m. The different microscopy presented by the
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Figure 3. FEL oscillator at 13.6 nm. Left panel: round trip FEL power growth as function of the undulator length z for Lw = 8
m. Right panel: radiation growth as function of the number of cycles for (a) Lw = 6m, (b) Lw = 7m, (c) Lw = 7.5m, (d)
Lw = 8m, (e) Lw = 10m. The enlightened area in the left panel indicates the presence of saturation effects, mixing the saturation
power levels of subsequent radiation cycles starting from the 10th passage. The round trip FEL energy gain g = ΔP/P0 at the
30th round cycle and for Lw = 8 m amounts to approximately g ≈ 40.

Figure 4. Dependence on the saturation energy Esat vs the length of the undulator Lw. The interesting region is enlightened.

successive electron bunches flowing in the oscillator superimposes a general irregularity to the natural
oscillations; slight indentations, more evident for shorter undulators, delay the saturation.

Figure 5 reports the pulse temporal and spectral densities at saturation in various cases. The choice of
the undulator length has been done by searching the optimum value of the seed intensity at the first cascade
stage, with the aim of producing harmonics of high quality in the first stage of the cascaded FEL. On one
side, the seed must overcome the undulator spontaneous emission. On the other side, a too intense seed
produces very strong non linear effects in the electron beam with non-controllable and not single spiked
harmonics’ production. Therefore the seed energy should be between few tens and hundreds nJ at the
entrance of the cascade (i.e. 20–100 nJ). The mirrors are supposed to be micrometrically movable and
turnable in order to compensate the shift between the radiation and the electrons introduced by the
slippage, of the order of 1 μm, stabilizing the output.

3.1.3. The cavity
The cavity is composed by two plane and two spherical mirrors with curvature radius R, disposed as shown
in figure 6 and all interspersed by drifts. The optical line is described by a round trip 2 × 2 matrix with
elements depending on the distance between mirrors and on their focal lengths. The field after the transport
is given by the modified Huygens’ integral [48]:

E(x ′) =

∫
dxdy

iE(x)

Bλ0
e−

iπ
λB (A(x2+y2)−2(xx′+yy′)+D(x′2+y′2))

with the round trip matrix elements A, B, C and D. Stable operation of the cavity needs a focal length
f = R/2 > Lc/4. The distance between the second focusing mirror and the undulator entrance is about 225
m (see figure 6) and, in order to have the maximum focusing of the radiation around the undulator center,
in our case we chose f = 225.7 m. Figure 6 shows the transverse pattern of the electric field of the seed at
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Figure 5. Top row: temporal distribution of the seed. Bottom row: spectral density of the seed at the exit of the oscillator for
(a) Lw = 6m, (b) Lw = 7m, (c) Lw = 8m, (d) Lw = 10m.

Figure 6. Transverse field pattern of the seeding pulse at saturation along the propagation in the cavity.

saturation in few positions along the propagation in the cavity, the undulator being crossed from left to
right. It presents a modest component of higher oscillator supermodes, that are partially depleted in the
undulator by the FEL itself. The radiation hits the mirrors with a maximum transverse rms dimension
σx,y ≈ 1mm and enters the undulators’ system with σx,y ≈ 150–200 μm. The FEL amplification process
focuses the radiation pulse further, till about 100 μm.

3.1.4. The optical transport line
Taking into account the possible EUV power loss due to absorption of the materials, the radiation energy
exiting the cavity last mirror is a factor (1 − R) ≈ 0.25 of the intracavity energy at maximum. Since the seed
should meet the successive head electron bunch at the first undulator entrance, it has to be further retarded
by 1 μs, corresponding to a distance of about 300 m. The radiation transfer line from the oscillator exit to
the undulator entrance is constituted by 2n mirrors, and its attenuation amounts to R2n = 0.56n (with
n = 1–3). In order to focus the radiation beam further and deplete the remaining high-order modes of the
radiation field, the transfer line mirrors might be spherical. The oscillator seed pointing stability and
transverse overlap with the electron bunches after the transport line will be checked and adjusted with
multipurpose stations and beam stabilization systems as the ones described in references [45–47].
Considering 20–100 nJ as the seed energy needed in the FEL, we can evaluate the energy stored in the
oscillator as (20–100 nJ)/[(1 − R)R2n] ∼ (80–400 nJ)/0.56n, namely hundreds nJ–tens μJ. These values are
indeed obtained with undulator modules of the order or longer than 7.5 m for the oscillator, confirming the
best operational points given by Lw = 7.5–9 m. The characteristics of the seed after the last cavity mirror in
the most suitable case are summarized in table 2.
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Table 2. Characteristics of the seed, generated by the FEL oscillator
with undulator length Lw = 8 m. The repetition rate of the source is
0.5 MHz. $ = photons s−1 mm−2 mrad−2 bw (‰)−1.

λO (nm) 13.6 E (μJ) 20

N/shot 1.3 × 1012 N s−1 0.65 × 1018

bw 1.7 × 10−3 Duration (fs) 6.6
div (μrad) 50 Size (μm) 80
Peak brilliance ($) 0.7 × 1031 Average brilliance 2.3 × 1022

Table 3. Possible operational working points of the cascaded FEL, seeded by the
oscillator delivering a wavelength of 13.6 nm.

λw (cm) 1st mod. 5 2nd mod. 2.8 Radiator 1.2

5 × 3 aw 2.39 1.18 0.93
E = 1.8 GeV λ(nm) 13.6 2.72 0.906
7 × 3 aw 2.77 1.1 0.85
E = 2.04 GeV λ(nm) 13.6 1.94 0.647
5 × 5 aw 2.77 1.45 0.67

E = 2.04 GeV
λ(nm) 13.6 2.72 0.544
Length (m) 8 12 10

7 × 5 aw 3.31 1.48 0.701

E = 2.45 GeV
λ(nm) 13.6 1.94 0.388
Length (m) 8 8 12

7 × 7 aw 3.61 1.66 0.5
E = 2.66 GeV λ(nm) 13.6 1.94 0.277

3.2. The cascaded radiation source
Ångström-class radiation can be generated with the cascaded undulators previously shown in the right part
of figure 1. The multi-stage cascaded technique uses different undulator stages to generate and amplify the
harmonics of the initial seed pulse extracted from the oscillator, obtaining a coherent FEL pulse at higher
photon energies.

The three-stage cascade here considered is made of two undulators, operating as harmonic generators,
and a third one, the radiator, in which the final harmonics is amplified. In particular the electron beam in a
first undulator segment is forced by the oscillator seed to coherently emit the seed frequency itself and its
higher harmonics. At the end of this first stage, the nth harmonics is extracted and used as seed for the
second stage, tuned at this harmonics. In the second undulator, the mth harmonics of the seed is generated
and extracted. The radiator, tuned at the (n × m)th harmonics of the seed, forces the electron beam to
coherently emit this resonant frequency (namely λ0/nm). The natural focusing power of the undulator and
the use of quadrupoles in between the undulators’ modules confine the electron envelope. Table 3 reports
various resonance options from 9 Å to 2.7 Å.

In order to avoid deteriorating the electron beam and the FEL pulse quality, multi-stage FEL cascades
normally make use of the fresh bunch injection technique [49], consisting in superimposing the seed on a
portion of the electron beam not affected by the radiation process of the previous stage. However, given the
high repetition rate operation and the modest electron bunch duration, we consider three different
transport lines delivering the electron bunches (b2, b3, b4 in figure 1) belonging to each electron packet and
following the head electron bunch alimenting the oscillator, to the different undulators of the cascade. To
synchronize the electron arrival time with the radiation exiting from the different stages, two small delay
lines of about 3 m between the first two stages and before the radiator are used. All FEL simulations have
been performed with the code GENESIS 1.3 [50].

Here we show the results of the 5 × 5 and 7 × 5 cascade, comparing them to the SASE reference case.
Considering the electron beam parameters of table 1, with an energy of 2.04 GeV, and an undulator of
period λw = 1.2 cm and strength aw = 0.67, the SASE radiation obtained at 5.44 Å, with a charge of 50 pC
[case (a)] and 8 pC [case (b)], is shown in figure 7. The coherence of the produced FEL pulses is evaluated
by computing the coherence degree, evaluated as

Γ12(τ) =

∣∣∣∣∣∣
∫

dtE1(t)E2(t − τ)√∫
dt|E1|2

√∫
dt|E2|2

∣∣∣∣∣∣ , (3)

between two different generic pulses (multi-shot case) or for one single pulse (single-shot case, Γ = Γ1,1),
and whose range is 0 � Γ � 1. In expression (3), E1 and E2 are the complex electric fields of the pulses as
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Figure 7. SASE radiation growth at 5.44 Å, together with the temporal and spectral distributions at saturation for (a) 50 pC
(SASE) and (b) 8 pC (single spike). Lateral windows: the degree of auto-coherence Γ and mutual coherence Γ12 vs s = cτ for
high (a) and low (b) charge.

Table 4. MariX FEL characteristics of the analyzed working points. The
SASE results are reported at 40 m for the high and low charge case,
respectively. The repetition rate of the source is 0.5 MHz. $ = photons s−1

mm−2 mrad−2 bw (‰)−1.

Radiation mode SASE 5 × 5 7 × 5

Electron charge pC 50–8 50 50
Photon energy keV 2.27 2.27 3.22
Radiation wavelength Å 5.44 5.44 3.88
Photon/shot 1010 3.5–0.21 1.9 0.21
Bandwidth 0.1% 5–7.5 0.17 0.32
Pulse length fs 10–2 3 4.5
Pulse divergence μrad 39–48 3.6 5
Photon/s 1016 3.5–0.21 0.95 0.11
Average brilliance 1024 $ 1.8 × 10−3 − 4.8 × 10−5 7.48 0.16
Γ12(0) 0.1–0.2 1 0.94

function of time. Regarding the SASE emission, this is shown in the lateral windows of figure 7 in both
cases of high and low charge electron beams. The SASE radiation characteristics are listed in table 4, third
column.

Regarding the cascaded operation, we consider electron beams with a charge of 50 pC and energy
specified in table 3. In the case of the 5 × 5 cascade, the value of the undulator parameter aw for the first
undulator to be resonant at λ = 13.6 nm is aw = 2.77, fully compatible with its specifics. The second stage
operates at aw = 1.45, being resonant with the 5th harmonics of the first module λ = 2.72nm. Finally, in
order to resonate at the radiation wavelength, 0.54 nm, corresponding to the 5th (25th) harmonics of the
second (first) stage, the radiator has aw = 0.67. The energy growth of the fundamental frequency and its
first odd harmonics for the cascade performing a 5 × 5 frequency upshift conversion is presented in
figure 8, left window. Saturation occurs in a net total undulator length of 30 m, distributed in 8 m for the
first undulator, 12 m for the second and other 10 m in the radiator. The radiation maintains the single
spiked temporal and spectral distributions up to the onset of saturation, and then its coherence begins to
degrade. The temporal profiles of the harmonics extracted from the different stages is also shown at the end
of each drift length in the left window. The temporal and spectral distributions at the extraction point after
10 m in the radiator are presented in figure 8, respectively in window (a) and (b).

The output consists of 2 × 1010 photons per shot in a relative bandwidth of about 1.7 × 10−4. The
coherence factors of one shot Γ and from shot to shot Γ12, in figure 8 window (c) and (d), show the
enhanced coherence and stability of the seeded output with respect to SASE and single spike modes. This
fact can be appreciated by comparing the graphs in the lateral boxes of figure 7 to those in figure 8: in the
cascaded case, the factor Γ experiences a slower decay, and the equal time mutual coherence factor Γ12(0) is
1, compared to 10−1 in the high charge SASE and to 2 × 10−1 in the single spike case. At the same time, the
temporal profile of the radiation are much more stable in the seeded case and do not show the multiple
spike’s generation of the SASE.

The 7 × 5 cascade produces radiation at 3.88 Å and needs a more energetic electron beam with energy
E = 2.4 GeV. The values of the undulator parameters for the 7 × 5 cascade are reported in table 3. The
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Figure 8. 5 × 5 cascade. Left window: energy growth vs undulator length in the different stages. The first stage hosts an
undulator lattice made of two 4 m-long sections of undulator with period λw = 5 cm and separated by 0.5 m dedicated to
radiation diagnostics. If the radiation entering the cascade is properly matched, there is no need of quadrupoles within this first
stage. The lattice for the second stage is made of three 3.5 m-long undulator sections with period of 2.8 cm separated by 0.5 m.
The radiator is made of 1.2 m-long sections separated by 0.24 m. The drifts’ length between stages is not to scale and reports the
temporal profile of the extracted harmonics. (a) Temporal distribution of the radiation at 10 m in the radiator (32 m total). (b)
Spectral distribution at 10 m in the radiator. (c) Degree of self-coherence Γ and (d) mutual coherence
Γ12 vs s = cτ .

Figure 9. 7 × 5 cascade. Left window: energy growth vs undulator length in the different stages. The first stage hosts an
undulator lattice made of two 4 m-long sections of undulator with period λw = 5 cm and separated by 0.5 m dedicated to
radiation diagnostics. The lattice for the second stage is made of two 3.5 m-long undulator sections with period of 2.8 cm
separated by 0.5 m. The radiator is made of 1.2 m-long sections separated by 0.24 m. The drifts’ length between stages is not to
scale and reports the temporal profile of the extracted harmonics. (a) Temporal distribution of the radiation at 10 m in the
radiator (32 m total). (b) Spectral distribution at 10 m in the radiator. (c) Degree of auto-coherence Γ and (d) mutual coherence
Γ12 vs s = cτ .

energy growth, the radiation profiles after each cascade stage as well as the temporal and spectral
distributions and the coherence factors are presented in figures 9(a)–(d). The output of the 7 × 5 cascade
(λ = 3.88 Å) is 2.1 × 109 photons per shot in a bandwidth of 3.2 × 10−4. Table 4 summarizes the radiation
properties for the high charge and low charge SASE case (third column), the outputs of the 5 × 5 and 7 × 5
cascades, respectively presented in the fourth and fifth columns.

4. Conclusions

A new generation accelerator complex is at the core of the MariX facility dedicated and optimized to
ultrafast coherent-x-ray spectroscopy and inelastic photon scattering, and to highly penetrating x-ray
imaging of mesoscopic and macroscopic samples. Such facility will be intrinsically multi-user and
multidisciplinary, as the research performed and science output. In the range of wavelengths between 2 and
6 Å, MariX provides either 1010 –1011 photons per shot with a repetition rate of 1 MHz in SASE mode or
109–1010 photons per shot in the single spike SASE mode. In this paper, we have shown that the radiation
from an EUV FEL oscillator can be used as seed for a cascaded FEL, performing a frequency upshift of a
factor 20–40, thus permitting to generate about 1010 –109 fully coherent photons per shot in the tender
x-ray range. These estimations exceed by one orders of magnitude the target values set by the MariX
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scientific case, but do not take into account degradations due to errors, misalignment, jitters. MariX will be
therefore capable to satisfy the requested FEL photon beam parameters expected by the envisaged
experiments, considering also a safety margin dealing with the losses in delivering the photon beams to the
experimental hutch. This source will permit the XAS/XMCD (with polarization control from
quarterwavelength blades or undulators) and bulk photoemission applications and could become a highly
efficient probe of matter at the nanoscale in bulk environments, as buried interfaces of interest in materials
science, in vivo biological samples or catalysers at work. It will therefore create absolutely novel conditions
for experiments that cannot be performed satisfactorily at the present and foreseen sources based on storage
rings or SASE-FELs, and, due to its compact footprint, could be implemented in medium sized research
laboratories and universitary campuses. The foreseen performances of MariX free electron laser are well
beyond the state of the art of most of presently FELs in operation, and in the trailing edge of EuXFEL [51]
and of the US future superconducting FEL project of reference, LCLS-II [52].
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