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Abstract: Fine time-resolved analysis of matter—that is, spectroscopy and photon scattering—in the
linear response regime requires fs-scale pulsed, high repetition rate, fully coherent X-ray sources. A
seeded Free-Electron Laser, driven by a linac based on Super Conducting cavities, generating 108–1010

coherent photons at 2–5 keV with 0.2–1 MHz of repetition rate, can address this need. The scheme
proposed is a Free-Electron Laser Oscillator at 3 keV, working with a cavity based on X-ray mirrors.
The whole chain of the X-ray generation is here described by means of start-to-end simulations.

Keywords: free-electron lasers; X-rays; regenerative amplifiers

1. Introduction

Synchrotron radiation (SR) sources based on low-emittance electron storage rings, as
well as Free Electron Lasers (FELs) driven by linear electron accelerators (Linacs), allow
the fine analysis of matter, with applications extending from life sciences to material
physics. Most FELs worldwide operate in the Self-Amplified Spontaneous Emission (SASE)
mode [1–8], providing extremely brilliant and short pulses with more than 1012 photons per
pulse, and shot-to-shot time and intensity jitters determined by the intrinsic fluctuations of
the emission process. These Ultra-Violet (UV) or X-ray flashes are used to probe matter in
highly excited states, to study nonlinear processes or to test before destroying individual
objects such as macromolecules constituting proteins, thus replacing crystallography with
single object imaging. In order to remain below the linear response threshold and to
collect adequate statistics in a short time, spectroscopic probes, as well as pump–probe
photoemission experiments in advanced atomic, molecular, nano- and solid- state physics,
instead require ultra-short photon pulses (order 10 fs), MHz-class repetition rates and
moderate fluxes of photons/pulse. Currently available FEL sources produce a number
of photons per pulse exceeding by 2–4 orders of magnitude the linear response level:
severe attenuation of the pulses, with a huge waste of energy, is therefore required in
photoemission or X-ray absorption spectroscopy. The pulses’ repetition rate is determined
by the acceleration technology, and is much higher in Super-Conducting facilities, exceeding
the 10–100 Hz range of Warm Linacs up to MHz-class [4,5]. Moreover, spectroscopic
applications with X-ray FELs are severely limited by SASE fluctuations and full seeding,
successfully conducted at FERMI (Free-Electron laser for Multidisciplinary Investigations)
in the XUV-soft X-ray range [9], should ideally be extended to X-ray energies.

There is therefore a scientific need, and ample room, for a novel type of source that
is able to provide 10 fs coherent pulses of 107–108 photons at 0.5–2 MHz in the tender X
ray range, bridging the gap between the most advanced SR and the current FEL sources.
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These demanding requests about structure, intensity, repetition rate, reduced jitters and
true coherence of the pulses are addressed by conceiving a tailored seeded or self-seeded
FEL driven by a linac based on Super Conducting cavities, providing 107–1010 coherent
photons at 2–5 keV, at 1 MHz of repetition rate.

In the seeded amplifier FEL configuration, the pulses’ stability and coherence is
strongly increased by an external coherent source imprinting its temporal phase on the
electron beam at the undulator entrance, thus enabling us to reach a high degree of temporal
coherence within a short distance. The direct seeding [10] implementation is limited by
the lack of high-power coherent seeds in the Vacuum-UV regime and below. High Gain
Harmonic Generation (HGHG) multistage cascades [11], seeded with harmonics of an IR
laser generated in crystals [11–13], were studied in the optical-UV range [14–16] and were
demonstrated at FERMI up to a few nm wavelengths [9]. The implementation and reliability
of this scheme in the tender/hard X-ray spectral range is highly demanding and has ye to
be proven. In perspective, the X-ray range could be reached with the technique of the Echo
Enabled Harmonic Generation (EEHG) [17–20], in which two coherent radiation pulses
seed the electron beam in two sequential modulators interspersed by a strong dispersive
section. Both cascaded schemes allow us to reach the boundary between Extreme Ultra-
Violet and soft X-ray frequencies, and may be seeded by laser harmonics generated in gases
or UV oscillators [21–24]. A major limit of all seeding schemes based on lasers is created by
the achievable repetition rate, which is typically below tens of kHz, and their extension to
higher repetition rates has so far only been studied theoretically [25–27].

The single spike SASE operation [28–30], as well as self-seeding processes [31,32], are
able to achieve only partial longitudinal coherence. Another FEL configuration capable
of producing stable radiation pulses is the FEL Oscillator (FELO), in which the radiation
process builds up via multiple passes of a stable and high repetition rate pulse train of
electron bunches through an undulator embedded in a low-loss optical cavity [23,33–37].
The lower gain required in such systems relaxes the requirements on peak current and
electron beam quality. Thanks to the technological advancements in the field of optics
and mirrors fabrication [38], FEL oscillators (XFELO) [37,39] and regenerative amplifiers
(RAFEL) based on X-ray cavities [40–44] have been proposed as a direct source of coherent
X-rays [36,37,40,45], or as seed for subsequent cascades [24,25,46]. However, limit cycle
oscillations have been observed and studied in FELOs [47]: these fluctuations, depending
on the cavity specifics and working point, can even be comparable to the fluctuations
found in SASE FELs. Among all the methods for producing coherent X-ray radiation, we
analyze here the case of a tender X-ray FEL Oscillator, driven by a moderate energy
electron beam and based on a short period undulator. Diamond mirrors and beam
splitters, foreseen at about 3 keV, constitute a ring cavity where the radiation pulses
are synchronized with the electron bunches. In this paper, we show the operation of
such a source. The electron beam is supposed to be generated by the accelerator of the
MariX project (Multi-disciplinary Advanced Research Infrastructure for the generation
and application of X-rays) [48], based on superconducting cavities and equipped with an
arc compressor. The compact footprint (with a total dimension of less than 500 m) of the
infrastructure and the contained costs should permit its construction in medium-sized
research infrastructures or within university campuses. Hereafter, we will discuss the
nominal parameters and start-to-end simulations of the system. Final comments will be
presented in the conclusions.

2. Materials and Methods

Our analyses rely on the electron beam foreseen by the accelerator of the MariX
project [48]. MariX is based on the innovative and compact design of a two-pass, two-way
superconducting linear electron accelerator equipped with an arc compressor [49–51], to
be operated in CW mode at 1 MHz. The characteristics of the electron beam, as evaluated
after start-to-end simulations [52], are listed in Table 1. A short period, planar undulator
can allow the production of radiation pulses in the desired wavelength range (5–2 Å, or
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in energy 2–5 keV), starting from the moderate electron energy provided by the MariX
accelerator (at a maximum of 3.8 GeV). From the resonance relation,

λ =
λw

2γ2 (1 + a2
w), (1)

where aw = 0.657λw(cm)B(T) is the undulator parameter and γ the electron Lorentz
factor for an electron beam energy of 2.4 GeV, we can deduce that an undulator period
λw = 1.2 cm, corresponding to a peak on-axis magnetic field of B = 0.93 T, is suitable for
emitting at 3 keV. Both the structure and length of the undulator depend on the seeding
scheme: the XFELO requires a single short undulator module, equipped with a sequence
of X-ray crystal mirrors.

Table 1. Electron beam for MariX FEL.

Property Unit Value Property Unit Value

Energy GeV 1.6–3.8 Current kA 1.6

Charge pC 8–50 Bunch duration fs 2.5–16

rms relative energy spread 10−4 5–3 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

FEL simulations have been performed with the three-dimensional code GENESIS
1.3 [53] in time-dependent mode. The SASE radiation at 4.16 Angstrom is described for
reference in Figure 1.
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Figure 1. Left plot: SASE energy growth for the high (a) and low (b) charge working points and corresponding spectral
profiles at saturation (inner boxes). Right windows: self (Γ, upper row) and mutual (Γ1,2, lower row) coherence degrees vs.
s = cτ for the two analyzed working points (a) and (b).

On the left, the growth along the undulator is presented for (a) high (50 pC) and (b)
low (8 pC) charge cases. Saturation is reached in about 50 m with a level of (a) 8× 1011

and (b) 4× 109 photons/pulse, respectively. The spectral profiles are reported in the inner
boxes, showing the SASE fluctuations in the high charge case (a) and the single spike mode
in the low charge one (b). The coherence degree, evaluated from the correlation,
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Γn,m(τ) =

∣∣∣∣∣∣
∫

dtEn(t)Em(t− τ)√∫
dt|En|2

√∫
dt|Em|2

∣∣∣∣∣∣, (2)

between two different generic pulses or for one single pulse (Γ = Γ1,1), is shown in the
windows on the right part of Figure 1. In expression (2), En and Em are the complex electric
fields of the pulses as a function of time. In the SASE mode (case (a)), phase coherence
on one single pulse and shot-to-shot stability are poor, with a coherence length less than 1
µm over a 10 µm long pulse and an equal time coherence degree (Γ1,2(0)) of about 4× 102.
In the single spike mode (case (b)), the coherence length coincides with the pulse’s, but
the shot-to-shot stability is low, with Γ1,2(0) = 2× 101. The characteristics of the SASE
radiation are summarized in Table 2, in the third (high charge working point) and fourth
(single spike mode) columns. The patterns of the SASE power (a) and spectral distribution
(b) are shown in Figure 2 as a function of the number of shots. From this graph, the modest
size of the coherence areas and the poor stability of the SASE process are evident.
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Figure 2. SASE (a) power vs. s = cτ and (b) spectrum vs. λ as a function of the number of shots. Logarithmic scale.

The XFELO operation has been numerically studied by extracting the radiation
simulated by GENESIS 1.3 from the oscillator undulator, driving it through the optical
line and superimposing it on the successive electron bunches. In order to simulate the
electron bunch train fluctuations, the microscopic distribution of the electron beam is
changed shot-to-shot in the simulations. The transport inside the cavity is done by using
the Huygens integral [54]

E(x′, t′)=
i

Bλ0

∫
dxE(x, t)e−

iπ
λB (Ar2−2(xx′+yy)+Dr′2), (3)

where x = (x; y), r2 = x2 + y2 and r′2 = x′2 + y′2. Here, the electric field is the output of the
FEL simulation (performed with about 2048 particles and 7000 slices), which is extracted
at the end of the undulator over a three-dimensional grid (grid dimensions: transverse
∼ 2 µm, longitudinal∼ 1.6 nm). In the first step, the Huygens integral is extended from the
end of the undulator up to the first mirror. A, B, C and D are the elements of a 2 × 2 matrix
describing the optical path and depending on the drift length and on the focal length of the
mirror. The effect of the mirror is modelled with a transfer function, taking into account its
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reflectivity and spectral selectivity. Its action is evaluated by computing the convolution
between the electric field at the mirror position and the Fourier anti-transform T of the
mirror transfer function,

E(x, t′) =
1√
2π

∫
dtT(t− t′)E(x, t). (4)

The process is reiterated for each drift and cavity mirror up to the beginning of the
undulator in the next step. The electric field, calculated in this way, is superimposed to
the successive electron bunches after each cavity round trip. The mirror and beam splitter
reflectivities have been simulated with the XOP (X-ray Oriented Programs) code [55].

3. Results

Figure 3 shows the scheme of the coherent source, constituted by a short (about 7–10 m
long) undulator module with period λw = 1.2 cm, embedded within a ring cavity.

M4

M2M3

M1

Figure 3. Scheme of the X-ray FEL Oscillator: λw = 1.2 cm undulator module within a ring cavity made of three Diamond
mirrors (M2, M3 and M4) and one beam splitter (M1, outcoupling the radiation). The X-ray radiation is emitted from right
to left. Θ0 is the incidence angle on the cavity mirrors with respect to the normal. The distance M1,4–M3,2 between two
mirrors is 75 m, giving a cavity round trip length of 300 m, equal to the distance between two successive electron bunches.

For an electron beam repetition rate of 1 MHz, the round trip of the cavity must be
300 m. The sequence of the accelerated beam packets entering the undulator is synchronized
with the radiation reflected and recirculated by hard X-ray mirrors. Three Diamond mirrors
and one beam splitter, made by Zincblend perfect single crystals (lattice parameters:
a = b = c = 3.566 Å, α = β = γ = 90) operating in the range of about 3.0–3.5 keV, namely
3.6–4 Å(with an incidence angle θ < 30 from normal), have been considered. At least two of
the mirrors are assumed to be bent and focusing.

Figure 4 presents the transfer function T of the total optical line as a function of the
energy of the photons for a central energy of 3.015 keV and a quasi-orthogonal reflection
(incidence angle Θ0 = 3), compared with the natural SASE spectral line.

The mirror transfer function is narrower than the natural FEL spectral line and the
spectral filtering of the mirrors is the dominant effect in the reduction of the spectral width.
The angular filtering is instead absolutely inefficient, since the angular width of the transfer
function is about 2 mrad, to be compared to the much smaller SASE divergence of 25 µrad.
FEL simulations were performed for a 50 pC electron beam. Figure 5 shows the intracavity
radiation energy as a function of the number of round trips. The saturation is reached in
about 50 cycles, with an intracavity energy level of about 20 µJ. Due to the short undulator
and wavelength, the slippage is very low: the simulated time window (12 µm) is thus
adjusted to the electron beam and reported in the inner boxes of Figure 5.
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Figure 5: FEL Oscillator. Left window: intracavity energy growth as function of number of round trips. Inner boxes: temporal
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Figure 6: Intracavity power vs s and spectrum vs λ as function of the round trip number in logarithmic scale.
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Figure 5. FEL Oscillator. Left window: intracavity energy growth as a function of the number of round trips. Inner boxes:
temporal and spectral distributions at saturation. Right windows: auto (Γ) and mutual (Γ1,2) coherence degrees vs. s = cτ.

Jitters occur due to the different microscopic structures of the successive electron
bunches. In the inner boxes, the temporal and spectral distributions at saturation are
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presented. The right windows of Figure 5 show the auto (Γ) and mutual (Γ1,2) coherence
degrees of the XFEL-Oscillator, pointing out its enhanced coherence and stability with
respect to the SASE’s reported in Figure 1.

The longitudinal distributions along s = cτ of the power (a) and the spectral amplitude
structure (b) are shown in Figure 6 as a function of the round trip number in the X-ray
cavity. The output radiation is much more stable and quasi monochromatic if compared to
the analogous patterns of the SASE radiation already shown in Figure 2. The studied X-FEL
Oscillator results in an almost fully coherent pulse, characterized by a very small spectral
bandwidth. Table 2 summarizes the main properties of SASE (third and fourth columns)
and XFELO (fifth column) radiation. Despite the lower number of photons produced by
the XFELO with respect to the SASE case, its pulses’ stability, directionality and brilliance
are higher.
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Figure 6. Intracavity power vs. s and spectrum vs. λ as a function of the round trip number in logarithmic scale. XFELO (a)
intra-cavity power vs s = cτ and (b) spectrum vs λ as function of the round trip number. Logarithmic scale.

Table 2. The repetition rate of the source is 1 MHz. $=Photons/s/mm2/mrad2/bw(‰).

Radiation Mode SASE Single Spike XFELO

Electron charge pC 50 8 50

Photon energy keV 3 3 3

Radiation wavelength Å 4.16 4.16 4.16

Photon/shot 1010 80 0.36 4.4

Bandwidth 0.1% 2.1 0.7 4

Pulse length fs 10 3 16
Pulse divergence µrad 25 45 14

Pulse size µm 130 140 35

Radiation energy µJ 55 1.7 21

Photon/s 1016 80 0.36 4.4

Peak brilliance 1030$ 3.6 0.043 3.8

Average brilliance 1022$ 3.6 0.013 4



Appl. Sci. 2021, 11, 5892 8 of 10

4. Conclusions

The MariX facility is dedicated to and optimized for ultrafast coherent-X-ray
spectroscopy and inelastic photon scattering, and for highly penetrating X-ray imaging
of mesoscopic and macroscopic samples. In the range of wavelengths between 2 and 5 Å,
MariX provides 1010–1011 photons per shot with a repetition rate of 1 MHz in SASE mode.
The studied X-ray FEL Oscillator configuration based on diamond mirrors produces 107–
1010 coherent photons per shot at 3–3.5 keV at 1 MHz. These estimations do not take into
account degradations due to errors, misalignments or jitters, and exceed by one or more
orders of magnitude the target values set by the scientific case. MariX will therefore be
capable of satisfying the expected FEL photon beam parameters, considering also a safety
margin dealing with the losses in delivering the photon beams to the experimental hutch.
Higher repetition rates could relax the cavity length requirements. The novel source will
create absolutely novel conditions for experiments that cannot be performed satisfactorily
at the present and foreseen sources based on storage rings or SASE-FEL.
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