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Abstract: Studying ultrafast processes on the nanoscale with element specificity requires a powerful
femtosecond source of tunable extreme-ultraviolet (XUV) or x-ray radiation, such as a free-electron
laser (FEL). Current efforts in FEL development are aimed at improving the wavelength tunability
and multicolor operation, which will potentially lead to the development of new characterization
techniques offering a higher chemical sensitivity and improved spatial resolution. One of the most
promising approaches is the echo-enabled harmonic generation (EEHG), where two external seed
lasers are used to precisely control the spectro-temporal properties of the FEL pulse. Here, we study
the expected performance of EEHG at the FERMI FEL, using numerical simulations. We show that,
by employing the existing FERMI layout with minor modifications, the EEHG scheme will be able
to produce gigawatt peak-power pulses at wavelengths as short as 5 nm. We discuss some possible
detrimental effects that may affect the performance of EEHG and compare the results to the existing
double-stage FEL cascade, currently in operation at FERMI. Finally, our simulations show that, after
substantial machine upgrades, EEHG has the potential to deliver coherent multicolor pulses reaching
wavelengths as short as 3 nm, enabling x-ray pump–x-ray probe experiments in the water window.

Keywords: free-electron laser; harmonic up-conversion; high-harmonic generation; seeding; x-ray;
pump-probe; microbunching instability

1. Introduction

A number of recently developed or emerging sample characterization techniques, such as coherent
diffraction imaging [1,2], femtosecond nanocrystallography [3], or double core-hole spectroscopy [4],
require a photon source that is capable of delivering intense (gigawatt-GW peak power), coherent
femtosecond pulses at wavelengths in the extreme-ultraviolet (XUV) or x-ray spectral region.
At present, free-electron lasers (FELs), which amplify the light emitted by relativistic electrons wiggling
inside a periodic magnetic field of an undulator [5], are the only light sources able to generate such
pulses [6–9]. To study femtosecond dynamics with element sensitivity using a resonant pump-resonant
probe approach [10] or a nonlinear wave-mixing scheme [11], the light source has to meet even more
stringent requirements. Ideally, a FEL should produce tunable, multicolor, near transform-limited
pulses, with a controlled delay, and in the best case, precisely adjustable phase profiles [12,13].

Recently, a significant effort has been devoted to improving the spectral properties, pulse
tunability, and multipulse operation in FELs based on self-amplified spontaneous emission (SASE),
where the amplification of light is triggered by spontaneous emission in an undulator [14]. The
relatively large bandwidth of the noisy SASE spectrum can be reduced using a self-seeding scheme,
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where light from the first half of the undulator is used to seed the second half, after having passed
through a monochromator. This approach has been successful for improving the spectral brightness of
SASE pulses, both in the hard and soft x-ray spectral regions [15,16]. Double-pulse schemes have been
developed for SASE FELs that provide high-intensity two-color pulses with a variable pulse delay and
flexible color separation [17–19]. These schemes, however, might suffer from stability issues related to
the intrinsically noisy SASE start-up.

The limitations of the SASE scheme can be overcome by using an external seed to trigger the FEL
amplification process. One option is direct seeding with a coherent source, based on high-harmonic
generation (HHG) in gas [20–22]. However, this approach is still under development and is currently
limited to wavelengths above several tens of nanometers, due to the relatively low efficiency of HHG.
To reach shorter wavelengths, a frequency up-conversion technique such as high-gain harmonic
generation (HGHG) is usually employed [23]. In HGHG (see Figure 1a, top), a seed laser imprints a
periodic energy modulation at the seed wavelength λs (typically in the UV) onto a relativistic electron
beam (e-beam) in the modulator. After the e-beam passes through a dispersive section (a four-dipole
magnet chicane), the energy modulation is converted into a current density modulation, with Fourier
components spanning many harmonics of the seed. Such a microbunched e-beam emits coherent light
at λs/n (n integer) in the XUV as the electrons traverse the periodic magnetic field of the radiator.
Besides having the potential to produce fully coherent, transform-limited pulses [24], the scheme offers
a natural way to control the spectrotemporal and spatial properties of the FEL pulse, by shaping the
seed [25,26]. Furthermore, fine control over the output wavelengths in double-color operation can be
achieved, either by using a single seed and a strongly chirped e-beam [27], or by using two seed lasers
operating at different wavelengths [28].

In HGHG, the energy modulation required to produce significant bunching at the nth harmonic is
roughly n times the initial e-beam energy spread. For high n, this strong energy modulation severely
deteriorates the FEL gain and limits the scheme to nmax~15 (to wavelengths around 15–20 nm) [23].
To reach higher harmonics, a double stage HGHG setup based on the fresh bunch [29] approach can
be employed (Figure 1a, bottom). The first stage generates light at a harmonic n1~8–13, which is
then used to seed a fresh portion of the e-beam (with the original energy spread) in the second stage.
The second radiator emits light at a harmonic n2~4–8 of the first stage (i.e., at harmonic n = n1n2 of the
seed). While this method can produce a reasonably stable FEL output at wavelengths down to 4 nm or
less, it uses a large portion of the e-beam, therefore reducing the maneuvering space for double-pulse
operation. As it is based on the original HGHG, the method is also expected to be prone to e-beam
imperfections, especially at short wavelengths [30].

These drawbacks of the HGHG cascade can be overcome using the echo-enabled harmonic
generation (EEHG) approach [31,32]. EEHG uses two modulating sections to generate bunching at
very high harmonics (up to n~100). In the first modulator, the e-beam interacts with the first seed laser,
as in HGHG, inducing a relatively small energy modulation. Then, after passing through a strong
dispersive section, the longitudinal e-beam phase space is shredded, resulting in a finely striated
pattern. This effectively decreases the initial slice energy spread and prepares the e-beam to enter
the second modulating section, which acts in the same way as the standard HGHG setup. However,
due to a relatively small slice energy spread within the individual striations, only a moderate energy
modulation is required from the second seed laser to obtain significant bunching at high harmonics.
Because of the additional degree of freedom (another chicane), EEHG can, in principle, be tuned for a
nearly flat radiation phase in the output pulse, with only modest constraints on the initial longitudinal
e-beam phase space profile [30]. Recently, EEHG has produced significant microbunching at the 75th
harmonic using a seed laser at 2400 nm [33].

At the FERMI FEL in Trieste, Italy, two HGHG schemes are currently in operation. FEL-1 is based
on a single HGHG stage that can deliver stable pulses at wavelengths as short as ~20 nm [8], and
can operate in the two-color mode [10,28]. FEL-2 consists of two HGHG stages and can operate at
wavelengths down to 4 nm [34]; however, the double-stage design makes it difficult to fully exploit
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two-color operation. Furthermore, due to the fact that the final harmonic number is the product of
harmonic numbers for the individual HGHG stages (i.e., not all harmonics of the seed are allowed), the
FEL wavelength tuning is limited for fixed e-beam energy, unless the seed can support operation across
a broad wavelength range. The shortcomings of the HGHG cascade have sparked an initiative that is
currently underway to modify the FEL-2 line so that it is able to operate in the EEHG configuration.
The setup was preliminarily studied in [35] and the experiment is planned for 2018.
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Figure 1. (a) Current FERMI layout. The top part shows the FEL-1 beamline based on the standard
HGHG setup; see text for details. The seed laser, i.e., the third harmonic of a Ti:SA laser at 260 nm
or an OPA, interacts with the electron bunch in the modulator (MOD). The dispersive section (disp)
generates a micro-bunched e-beam that emits coherent light at one of the seed harmonics in the radiator
(RAD). The beamline can produce stable FEL pulses at the GW power level and wavelengths down
to 20 nm using six radiator sections with an individual length of 2.4 m. The bottom part shows the
FEL-2 beamline, which is based on a two-stage HGHG cascade. In the first radiator (RAD1), coherent
light is produced at a wavelength of around 20 nm (~13th harmonic of the seed). A strong chicane
(delay line) is then used to delay the e-beam with respect to this light and seed a fresh portion of the
electron bunch in the second modulator (MOD2). The second radiator (RAD2) then emits pulses at
a harmonic (~4) of the first stage, reaching saturation at a GW power level and wavelengths around
5 nm or shorter. Currently, six radiator sections are installed, while there is space for an additional two.
This beamline (with minor component modifications) will be used for the first EEHG experiment at
FERMI. (b) Advanced EEHG layout under consideration at FERMI. The beamline will have a more
compact design and up to 12 radiator sections, to ensure saturation of the output power at wavelengths
around 3 nm or shorter; see text for details.

In the manuscript, we present the EEHG experimental layout suited to the FERMI FEL-2 beamline,
followed by numerical simulations of the EEHG performance that can be expected in the wavelength
range from 5 to 3 nm. We study the effects of the microbunching (µB) instability [36–38], which can have
a significant influence on the FEL spectrum, inducing strong sidebands near the central wavelength in
the worst-case scenario. The results are compared to simulations for the current performance of the
two-stage HGHG cascade.

2. Layouts and Methods

The current layout of the two FERMI FEL beamlines is shown in Figure 1a. For the FEL-2 line
(Figure 1a, bottom) to be compatible with the requirements of the EEHG scheme, a few modifications
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are necessary. While the first modulator (MOD1) and the injection system for the first seed laser (seed1)
can be used as is, the momentum compaction R56 (dispersive strength) of the first chicane (disp1) is not
strong enough to produce a highly striated e-beam phase space, which is required for EEHG. For this
purpose, we will make use of the delay line chicane, which currently serves to delay the electrons with
respect to the light generated in the first stage, in order to seed a fresh part of the electron bunch in the
second modulator (MOD2). Currently, the R56 of the delay line is limited to ~1 mm (1.4 GeV e-beam
energy). Moving the dipole magnets further apart and upgrading the power supply will allow the
dispersive strength to reach values above 2 mm, which will be sufficient to perform the first EEHG
experiment at wavelengths close to 5 nm. The EEHG experiment will be carried out in a configuration
where the two seed lasers have equal wavelengths. Therefore, a new, longer period (11 cm) second
modulator (MOD2) will have to be installed, because the current one cannot be made resonant to an
external seed at 260 nm. We will also have to design an injection system for the second laser (seed2).
For this purpose, we will make use of the delay line vacuum chamber, which already has the required
input ports for seed injection. No upgrades will be necessary for the second dispersive section (disp2)
and the radiator line (RAD2). The gap in the first radiator (RAD1) will be fully opened (i.e., magnetic
field strength set to zero) during the first EEHG experiment.

While the pilot EEHG experiment at 5.2 nm will be able to employ the existing FEL-2 beamline
with minor component modifications, operation at shorter wavelengths will require a significant
redesign of the layout, according to Figure 1b. We will remove the three radiator sections in the first
stage (RAD1) and combine the delay line and the first dispersive section (disp1) into a single chicane
(disp1*). This will make the beamline more compact and will allow the installation of additional
undulators. The new radiator (RAD2*) will therefore have up to 12 sections (with a possibly smaller
period for improved performance at short wavelengths), to ensure GW power levels at wavelengths
around 3 nm and below. In addition, the second modulator (MOD2*) may be split into two parts,
resonant to two different wavelengths. In this way, by introducing a two-color second seed (seed 2*)
laser system and working in a split-radiator configuration (i.e., first few radiator sections resonant to
one wavelength, while the rest are resonant to a different wavelength), the advanced EEHG layout at
FERMI will enable two-color x-ray pump–x-ray probe experiments.

The e-beam parameters in the “nominal” configuration, which were used for simulations of the
EEHG performances at 5.2 nm, are included in Table 1 (middle column). Such an e-beam can be
routinely produced in the FERMI linear accelerator (linac). Operations at shorter wavelengths (~3 nm)
will benefit from a higher peak current and e-beam energy. A peak current of 1 kA is achievable
and can be obtained with the present FERMI layout by increasing the charge compression factor; the
associated increased energy spread makes this option unsuitable for HGHG, but it can be used for
EEHG, which is less sensitive to energy spread [30,32]. Extending the operating energy of the linac
above 1.5 GeV requires an upgrade with new accelerating sections; a plan for increasing the e-beam
energy up to 1.8 GeV is currently under consideration. Furthermore, to obtain significant bunching
for such high harmonics (n~86), a major upgrade of the first chicane (disp1* in Figure 1b) will be
necessary to reach dispersions in the range of 6 to 10 mm. The e-beam parameters of this “advanced
configuration”, which were used for simulating the EEHG performances at 3 nm, are included in the
right column of Table 1.

In EEHG, the e-beam exiting the second chicane is density-modulated at a wavenumber k = 2π/λ,
which is related to the input wavenumbers of the two seed lasers, k1 = 2π/λ1 and k2 = 2π/λ2,
according to:

k = pk1 + qk2, (1)

where p and q are integers. Typically, only one set (p, q) significantly contributes to the density
modulation (bunching) at a given k [30]. In our case, k1 = k2 and therefore k = (p + q)k1, where p + q = n
is the harmonic number. Maximum bunching occurs for p = −1 [31,32]; however, this configuration
requires either a strong first dispersive section (R56~8 mm, available only after a major upgrade) or a
strong energy modulation from the second seed laser, to obtain significant bunching. As in the case of
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HGHG for high n, a strong energy modulation will deteriorate the FEL gain. Therefore, during the
first EEHG experiment at FERMI (using the nominal parameters from Table 1), we will work in the
p = −2 configuration, for which values of the first R56 around 2 mm are sufficient to produce bunching
of the order of 5% for n = 50 (λ = 5.2 nm), using only a moderate energy modulation. For simulations
at 3 nm, we assumed a stronger dispersion and could therefore work at p = −1, allowing us to reach
higher bunching compared to the p = −2 case.

Table 1. Typical EEHG operating parameters in the nominal (middle column) and advanced (right
column) configurations.

Parameter Nominal Configuration Advanced Configuration

e-beam peak current I (A) 700 1000
e-beam energy E (GeV) 1.4 1.8

slice energy spread σE (keV) 150 250
emittance ε (mm mrad) 1 1

e-beam size (µm) 70 70
1st R56 (mm) 2.1 8
2nd R56 (µm) 74 85

1st seed peak power (MW) 10.7 10.7
1st energy modulation (keV) 450 450
2nd seed peak power (MW) 135 151

2nd energy modulation (keV) 824 868

In all cases, EEHG was first optimized for maximum bunching using the equations in Ref. [32].
The first and second modulators were resonant to 260 nm and had a length (period) of 3 m (10 cm)
and 1.54 m (11 cm), respectively. Both seeds had a waist size of 500 µm. The first seed laser power
was set for an energy modulation equal to 450 keV, while for the first chicane, we chose R56 = 2.1 mm
(nominal configuration, λ = 5.2 nm) or R56 = 8 mm (advanced configuration, λ = 3 nm). The free
parameters were the second chicane strength and the second seed power, which were set to optimize
the bunching at the radiator entrance. The final optimization of the parameter space was carried
out using time-independent FEL simulations (simulating only a single slice of the e-beam with a
length λ1) with GENESIS [39] and GINGER [40] FEL codes. The optimized EEHG parameters for both
the nominal and advanced configurations are listed in Table 1.

The performance of the EEHG scheme at 5.2 nm was evaluated by carrying out time-dependent
FEL simulations. The e-beam current, energy, and energy spread profiles at the end of the FERMI linac
(just before the first modulator) were obtained using the particle tracking code ELEGANT [41], which
takes into account collective effects such as longitudinal space charge (LSC) and coherent synchrotron
radiation (CSR), which grow in bunch compressors and are at the origin of the µB instability. As the
input we used the e-beam at the exit of the electron gun, generated with the General Particle Tracer
(GPT) [42] package.

Additional FEL simulations were performed with electron beams whose energy profile was
modified with a superposed periodic modulation at 5 µm and two different modulating amplitudes
(50 keV or 100 keV). Such energy-modulated e-beams were used to study the effects of possible
strong µB instabilities, that might result, e.g., from residual modulations in the photoinjector laser
longitudinal profile, and to test the robustness of EEHG within the optimized parameter space of
Table 1. Comparing the sensitivity of EEHG and HGHG to a controlled, periodic modulation is also
important, because it can be experimentally studied by exploiting the possibility to induce periodic
long wavelength modulations onto the e-beam with the laser heater available at FERMI [43,44].

For all EEHG simulations, an external script was used to reshuffle the macroparticles leaving
the first dispersive section [45]. This allowed taking into account the fact that the large dispersion
of the strong chicane can convert long wavelength energy modulations into current modulations.
An external script was employed because the versions of the FEL codes that were used for simulations



Photonics 2017, 4, 19 6 of 14

use a “quasi-static” approximation and do not correctly take into account the motion of macroparticles
over lengths longer than the seed wavelength.

Both seed laser peak powers were the same as in the time-independent case (for optimizing the
bunching at the radiator entrance), and the pulses had a Gaussian shape with a full width at a half
maximum (FWHM) duration of 100 fs.

For EEHG simulations at 5.2 nm, the layout of the FEL-2 beamline was used, where the magnetic
field in the first radiator section (RAD1) was set to zero, i.e., these radiators only served as a drift
section. The second modulator period and the dispersive strength of the delay line were modified
according to Table 2 below, while the R56 of the first chicane (disp1) was set to zero.

Table 2. Upgrades of the FEL-2 beamline planned for the EEHG experiment at 5.2 nm.

Parameter Current Modified

2nd modulator period (mm) 55 110
2nd modulator length (m) 2.42 1.54

delay line R56 (mm) 1 2.1

For simulations of the HGHG cascade currently running at FERMI, the first stage radiation at
n1 = 10 was used to seed the second stage, operating at n2 = 5. The first and second dispersive strengths
were set to 14 µm and 8.7 µm, respectively, while the seed (260 nm) was a Gaussian pulse with a
FWHM of 100 fs and peak power of 130 MW; sufficient for producing 20 MW peak power pulses at
26 nm from the first stage, that were then used to seed the second stage, generating light at 5.2 nm.

The expected performance of the EEHG scheme at shorter wavelengths (3 nm) was evaluated by
carrying out time-independent simulations using e-beam parameters for the advanced configuration,
as reported in Table 1.

3. Results and Discussion

3.1. The 5.2 nm Case

The typical electron bunch length obtained with ELEGANT (using GPT as the input) was close to
1 ps. Figure 2 shows two different e-beam energy profiles (energy vs. position in the e-beam) for the
central 400 fs part of the electron bunch (flat current profile), which were used in FEL simulations for
the λ = 5.2 nm case. The profile given by ELEGANT (solid blue line) is characterized by a quadratic
energy chirp (~14 MeV/ps2), induced by longitudinal wake-fields during acceleration in the FERMI
linac, and also contains energy modulations on a scale of a few or a few tens of femtoseconds (few
microns), with amplitudes in the 10 keV range. They originate from a strong modulation at around
100 µm (roughly 10 µm after compression in the FERMI linac bunch compressor), present in the
e-beam at the exit of the electron gun, which is then amplified by LSC and CSR. Even though there are
indications suggesting that the initial modulations at the gun may be slightly overestimated due to
numerical noise [46], the amplification of such modulations due to the µB instability cannot be ruled
out in the actual FERMI linac. The ELEGANT profile (solid blue line) can be considered as an upper
limit for the level of modulations characteristic for the FERMI e-beam, in the typical conditions used
for the planned experiment.

The dashed red line profile in Figure 2 was obtained by applying a smoothing algorithm to
the “elegant” profile (preserving the quadratic chirp), followed by modulating the beam with a
period of 17 fs (5 µm) and an amplitude of 50 keV. Such energy modulated e-beams, with different
modulating amplitudes (50 keV and 100 keV), were used to compare the performance of EEHG and the
double-stage HGHG cascade in a worst-case scenario, where the energy modulation associated with the
µB instability becomes comparable to the e-beam slice energy spread, and may significantly affect the
FEL output, producing strong sidebands in the FEL spectra, as shown in the following (and as already
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observed in experiments at the FEL-2 beamline). The same comparison can be made experimentally,
thanks to the possibility of externally inducing periodic modulations into the e-beam [43].Photonics 2017, 4, 19  7 of 13 
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The FEL simulation results comparing the EEHG and the double-stage HGHG schemes are
presented in Figure 3. The first row shows the power profiles (Figure 3a) and the spectra (Figure 3b) of
the FEL output, obtained with the optimized parameters from Table 1 (nominal configuration) and
the continuous e-beam energy profile from Figure 2. For both EEHG and HGHG, saturation of the
FEL power at the GW level is obtained after six radiator sections (the current FEL-2 layout, Figure 1a
bottom), which shows that the two setups are comparable in performance. The pulse duration and the
spectral width are similar for both schemes. Fitting a Gaussian envelope to both the power and the
spectral profiles in the case of EEHG, gives ∆t ≈ 35 fs and ∆ω ≈ 1.6 × 1013 s−1 (∆λ ≈ 1.4 × 10−3 nm)
for the FWHM values. According to theory [47,48], the FEL pulse duration obtained by considering
the width of the bunching envelope is ∆t = (7/6)n−1/3∆tseed ≈ 31.5 fs (27 fs). The observed pulse
lengthening (35 fs vs. 31.5 or 27 fs) may be explained by the slippage effect [14], and by the fact that
the bunching envelope can be altered during amplification in the radiator. It is worth stressing that the
simulated HGHG performance is in good agreement with experimental results obtained at FERMI (not
shown here). The time bandwidth product ∆t∆ω≈ 0.56 is close to the Fourier limit (0.44 for a Gaussian
pulse), confirming that the spectral width mainly comes from the pulse duration. The additional
broadening is a result of the non-flat (quadratic) e-beam energy profile, contaminated with instabilities.
This also explains the somewhat spiky structures in the pulse temporal profiles. For both EEHG and
HGHG, one can also notice the presence of a SASE background in the spectra, outside the main peaks.
This background is more evident for EEHG, which can be explained by the stronger dispersive section
used for this scheme.

The next two rows compare the performance of the two schemes in the presence of relatively
strong modulations in the e-beam energy profile (dashed line in Figure 2), mimicking extreme cases
of µB instability. As can be seen, the spiky structure of the pulse becomes amplified, see Figure 3c.
Furthermore, the spectra shown in Figure 3d start to develop sidebands at frequencies k ± 2π/λm,
where λm = 5 µm is the modulation wavelength. While for the 50 keV modulation amplitude the
sidebands are relatively weak, they can severely deteriorate the spectral quality at higher amplitudes,
as shown for the 100 keV case in Figure 3e,f (for the 150 keV case not shown here, the sidebands
dominate the spectra). What is interesting is the fact that, contrary to expectations, EEHG does not
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seem to be immune to e-beam energy imperfections, and for our set of parameters, the scheme behaves
similar to the double-stage HGHG cascade. According to these results, for both EEHG and the double
stage HGHG, µB-induced modulations start to severely affect the spectral quality for amplitudes that
are comparable with the e-beam energy spread (although EEHG shows a more robust behavior and
the sidebands are less pronounced).
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Figure 3. Comparison of the EEHG and the double-stage HGHG cascade for different e-beam energy
profiles. (a,b) were obtained using the continuous profile in Figure 2. (c,d) are simulations results for an
e-beam modulated at 5 µm with a 50 keV amplitude (Figure 2, dashed profile). In (e,f), the modulation
amplitude was increased to 100 keV. The spectra in the right column are normalized to the central peak
for each FEL scheme.
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Several previous analyses [30,49,50] showed that, due to the highly non-linear phase space
manipulations in EEHG, the bunching should be almost insensitive to the phase space imperfections,
such as those shown in Figure 2. The studies assumed that the FEL spectrum is mainly affected by
phase modulations in the complex bunching parameter, which determines the properties of the initial
radiation (in the first part of the radiator) [30]. In our case, additional factors may be involved in the
mechanism behind the sideband formation. For example, the strong dispersive section may transform
the initial energy modulation into a strong current density oscillation (with the periodicity matched
to that of the energy modulation), depending on the FEL parameters. Figure 4 shows the current for
the case of the dashed profile of Figure 2, at the exit of the first chicane. In this case, the oscillations
can reach 12% of the average current, while for a 100 keV modulation, they are increased by up to
20%. These oscillation amplitudes are in good agreement with analytical calculations of the bunching
factors at the 5 µm modulation wavelength (b = exp[−(1/2)(2π/λmR56(σE/E))2] J1[(2π/λmR56(∆E/E)],
where ∆E is the modulation amplitude), which give 4.5% and 9%, respectively, for the 50 and 100 keV
cases (note that the density modulation amplitude is defined as twice the value of the bunching factor).
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Figure 4. Current oscillations for the case of the dashed energy profile from Figure 2, after the e-beam
passes through the strong dispersive section.

Due to the current oscillations, the FEL gain, which is proportional to I1/3 [51], varies along
the e-beam. This results in a modulation of the radiation power, clearly observed in Figure 3c,e.
For the 100 keV case, the modulation period (between 15 and 18 fs) almost exactly corresponds to
the modulation periods in the e-beam current and energy profiles (17 fs). As a consequence of these
current and energy modulations, strong sidebands may be developed in the FEL spectrum. The details
of this mechanism were recently discussed in [52]. Based on this effect, the generation of multicolor
FEL pulses has recently been demonstrated, using the capability of the laser heater to introduce a
long-wavelength modulation onto the e-beam energy profile [43].

Although the sensitivity of the two schemes to the µB instability is comparable for our parameter
set (i.e., in both cases, the spectra are severely deteriorated when the µB-induced energy modulation
becomes comparable to the initial energy spread), the fact that EEHG can tolerate higher energy
spreads [30,32] makes it possible to use a strong laser heater to wash out the energy modulations before
the e-beam enters the first chicane, which converts them into current oscillations [38]. Furthermore,
preliminary calculations and simulations suggest that, for a stronger first R56 (4 mm or above; available
after the delay line upgrade), the bunching at the sideband frequencies can be suppressed, at least to a
certain degree.
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3.2. The 3 nm Case

To operate the FERMI FEL in the EEHG configuration at ~3 nm (n = 86), which will allow accessing
the nitrogen K-edge, an R56 of ~8 mm is needed in the first chicane, to obtain sufficient bunching.
The decreased FEL gain at shorter wavelengths [51] will be partly compensated for by increasing the
peak current from 700 A to 1 kA. Furthermore, to ensure saturation of the FEL power, an upgrade
of the FEL-2 layout will require installing additional accelerating sections in the linac to increase the
e-beam energy, and/or introducing more radiator sections after the last undulator. We studied both
options and the results are shown in Figure 5. For the parameters of the “advanced configuration”
in Table 1, but with a lower energy of 1.5 GeV (attainable with the present FERMI linac) instead of
1.8 GeV, 10 radiator sections (four more than the current setup) are necessary to approach GW power
levels. By increasing the e-beam energy to 1.8 GeV (maximum attainable energy after the upgrade),
only one additional radiator section (seven in total) is required for saturation.
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Figure 5. EEHG power at 3 nm as a function of the distance in the radiator. Flat regions (no increase in
the power) are due to drift spaces between the radiators to accommodate e-beam focusing optics.

At this wavelength, bunching at the radiator entrance may be significantly reduced due to
incoherent synchrotron radiation (ISR) and intrabeam scattering (IBS) [30,53]. However, these effects
can be minimized by a proper (compact) design of the EEHG beamline and by reducing the dipole
fields in the strong chicane [30].

Figure 5 shows that seven radiator sections are sufficient to reach saturation at 3 nm, using an
e-beam energy of 1.8 GeV; the performance may even be improved by installing shorter period
undulators. Because the advanced EEHG layout at FERMI will be able to accommodate up to
12 radiator sections, there is enough room to generate a second pulse with a different wavelength.
This will enable pump-probe experiments with longitudinally (almost fully) coherent pulses in the soft
x-ray spectral region at the FERMI FEL.

4. Conclusions

We presented the layout that will be employed at FERMI FEL for the first EEHG experiment,
which is planned for 2018. The expected performance of the setup at 5.2 nm is comparable in terms
of the output power and spectral quality to the double-stage HGHG cascade currently in operation.
Although the EEHG scheme does not seem to show superior performance in the presence of the µB
instability (for the same linac operating parameters), it still offers other advantages such as a lower
sensitivity to e-spread (potentially allowing to suppress the instability) and the possibility to operate
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FERMI in the double-pulse configuration at short wavelengths. For the latter, depending on the results
of the preliminary experiment at 5.2 nm, we will redesign the beamline according to the scheme shown
in Figure 1b. More radiator sections (and optionally more linac sections) will be added to insure
saturation of the FEL power at wavelengths around 3 nm or shorter. Moreover, a combination of a split
modulator and a two-color laser injection system (employing an optical parametric amplifier—OPA)
will be used to ensure a flexible two-color pump-probe operation at short wavelengths. In the future,
additional numerical studies will be carried out to further evaluate the impact of deleterious effects on
the FEL performance, such as µB instability, IBS, and ISR, which may prove to be even more important
at short wavelengths.
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24. De Ninno, G.; Gauthier, D.; Mahieu, B.; Ribič, P.R.; Allaria, E.; Cinquegrana, P.; Danailov, M.B.;
Demidovich, A.; Ferrari, E.; Giannessi, L.; et al. Single-shot spectro-temporal characterization of XUV
pulses from a seeded free-electron laser. Nat. Commun. 2015, 6, 8075. [CrossRef] [PubMed]
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