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Chapter 2

The FERMI@Elettra
Linac-based FEL

2.1 Overview

The FERMI single-pass FEL facility1 is driven by the Elettra 3 GHz S-band linac
upgraded with seven structures from CERN, following the completion of the
construction of a new injector booster complex for the storage ring [31]. The ac-
celerator and FEL complex comprises the following parts: a photo-injector gen-
erating a bright electron beam, the main linear accelerator in which the beam
is time-compressed and accelerated up to 1.5 GeV, the system to transport the
beam to the undulators, the undulator complex generating the FEL radiation,
the photon beamlines taking the radiation from the undulator to the experimen-
tal area and the experimental area itself. After leaving the undulators, while
the FEL radiation is transported to the experimental area, the electron beam is
brought to a beam dump by a sequence of bending magnets. The whole infras-
tructure is installed about 5 m below ground level. Figure 2.1 shows a schematic
plan (on scale) of the Elettra Laboratory. The circular building containing the
Elettra synchrotron is visible at center. Below, the FERMI@Elettra linac, undu-
lator hall and experimental hall infrastructure is shown (the electron beam goes
from right to left). Figure 2.2 shows a sketch (not to scale) of the FERMI@Elettra
accelerator, FEL and experimental beamlines complex.

The new RF photo-injector, low emittance electron source is based on the

1This Chapter is based on the following technical note, later included in the FERMI@Elettra Con-
ceptual Design Report: FERMI@Elettra Accelerator technical Optimization Final Report, ST/F-TN-06/15
(2006), by M. Cornacchia, P. Craievich, S. Di Mitri, I. Pogorelov, J. Qiang, M. Venturini, A. A. Zho-
lents, D. Wang and R. Warnock.
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Figure 2.1: Plan of the Elettra Laboratory.

proven 1.6 cell electron gun developed at BNL/SLAC/UCLA [32]. Given the
similarities between the LCLS FEL at SLAC [33] and the FERMI photo-injector
requirements, this design draws heavily on the LCLS concept to produce a 5 to
10 ps long pulse with ≤1 nC charge and an rms normalized transverse emit-
tance≤1.0 mm mrad. The present repetition rate is 10 Hz, but the design allows
for upgrading the photo-injector to 50 Hz, the maximum repetition rate of the
RF systems at FERMI. Following standard layout schemes, the design includes a
solenoid for emittance compensation [34, 35] and acceleration to 100 MeV with
two S-band RF sections. A laser pulse provides temporal and spatial bunch
shaping. The FERMI design calls for a novel temporal bunch profile in which
the bunch current increases linearly with time (linear ramp) [17]. Such profile
at the start of acceleration produces a more uniform energy and current profile
at the entrance of the undulator. Two magnetic bunch compressors, BC1 and
BC2, are at the energy of ∼350 MeV and at ∼600 MeV, respectively. They al-
low continuously tunable compression of the bunch length by a factor from 1
to ∼50. The nominal compression factor of 10 can be implemented with a two-
stage compression or with BC1 only. The two schemes imply a different balance
of the parameters characterizing the final electron beam quality, such as cur-
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Figure 2.2: FERMI@Elettra electron and photon beam delivery system (concep-
tual).

rent and energy flatness, emittance and slice energy spread. Hence, they can be
tuned differently, according to specific FEL requirements. The top 1.5 GeV beam
energy is determined by the maximum gradient of the accelerating structures,
available RF power including overhead and de-rating for reliable operations and
off-crest operation for control of the energy chirp. Specific RF phase settings of
the linac allow, at the same time, the correct setting of the energy chirp required
for compression, the achievement of the design energy for each FEL line and the
minimization of the final energy spread. Moreover, an energy range of operation
is foreseen for both FEL1 and FEL2 in order to provide a wavelength tunability
wider than that achieved with the undulator movable gap only. For the FEL1
Commissioning phase, only 3 accelerating structures have been installed in L2
and only 5 sections in L4 (see Figure 2.2). In spite of this, the present linac con-
figuration ensures the nominal beam energy of 1.2 GeV at the undulator. In the
near future a 4th harmonic X-band cavity is planned to be placed in the mid-
dle of L1 (see Figure 2.2) to linearize the longitudinal phase space and make
the bunch compression process more efficient [36, 37]. Since the whole beam
delivery system acts like a huge amplifier of energy and density modulations,
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a laser heater [38] is installed at 100 MeV just after the photo-injector to pro-
vide control of the uncorrelated energy spread in the beam and minimize the
potential impact of the so-called microbunching instability on the current and
particle energy distribution. The uncorrelated energy spread induced by the
laser heater is able to suppress the modulation in the energy and density distri-
butions at a scale small with respect to the bunch length. A timing system [39]
based on the transmission of optical signals over a highly stabilized fiber op-
tic system will distributes timing signals throughout the facility. This provides
synchronization of the photo-cathode laser to the RF gun phase, stabilized drive
signals to RF systems in the facility and synchronization of the FEL seed laser
with the arrival time of the electron beam. The upgraded linac plus the complex
of state-of-the-art undulators allow FERMI to cover the 100-20 nm wavelength
region in the first FEL1 phase and to reach down to 4 nm in a later FEL2 phase.
Wavelength tunability, variable polarization and higher electron beam energies
to reach even shorter output wavelengths are also in the machine delivery plan.
The seeded FEL process occurs in the standard HGHG scheme for FEL1 and in a
two-stage cascade for FEL2. The X-ray pulse duration is essentially determined
by the seed laser duration. The photon beams from the FELs are transported in
beamlines to hutches and the adjoining downstream experimental hall. Laser
systems in the experimental area are synchronized to the FEL output using the
stabilized optical timing system distributed around the facility.

2.2 Accelerating Structures

The accelerator uses three types of structures. Two SLAC-type structures in L0
follow the electron gun and are used for the initial acceleration and the emit-
tance compensation scheme. A detailed description of the injector and its pa-
rameters can be found in [29]. Seven CERN-type structures (C1-C7) are divided
between L1 (4 structures) and L2 (3 structures), located upstream and down-
stream of BC1, respectively. All these are traveling wave (TW) structures op-
erating in the 2π/3 mode. Seven Elettra-type structures (S1-S7) make up L3 (2
structures) and L4 (5 structures), located upstream and downstream of BC2, re-
sepctively. They are backward traveling wave (BTW) structures operating in the
3π/4 mode. The inner geometries of the accelerating structures are different
for each type of the afore-mentioned elements: the SLAC-type and the CERN-
type structures are configured in TW forward wave mode with on-axis coupling
and operated a relatively modest gradient of 15 MV/m. The geometry of the
Elettra-type structures corresponds to a nose-cone type structure with magnetic
coupling; these operate in BTW mode and at high gradient, up to 25 MV/m.
The magnetic coupling in the BTW structures allows them to provide a higher
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accelerating gradient than the others. Unfortunately, the smaller iris radius of 5
mm, instead of that of 9 mm in the TW structures, leads to a higher impedance
that induces a bigger electron beam energy loss and emittance dilution. The
BTW structures are powered by an RF pulse compression system of the SLED
type. The same type of klystron, without SLED configuration, simultaneously
supplies two structures of the others. Table 2.1 summarizes the operational pa-
rameters of the linac structures. The first value of two in the same cell refers to
the nominal operation for both FEL1 and FEL2; the second value in parenthesis
refers to the configuration for FEL1 commissioning. In this case, the additional
X-band structure is not taken into account. Notice that the final energy com-
puted in the Table overestimates the real one by approximately 10 MeV because
of the energy loss induced by the linac geometric impedance.

Table 2.1: Linac energy budget for on-crest and off-crest acceleration.

Type Max. gain Tot. energy RF phase Tot. energy
of structure per structure Qt. Place on-crest off-crest off-crest

[MeV] [MeV] [deg, S-band] [MeV]
Gun 1 Gun 5 0 5
Injector (TW) 47.5 2 L0 95 0 95
CERN (TW) 60 7 L1, L2 420 -27.5 (-25), -20 (0) 387 (399)
Elettra (BTW) 140 (102) 7 L3, L4 980 (714) 0, 0 980 (716)
X-band 24 (0) 1 L1 24 (0) 180 -20 (0)
Total w/o
X-band 17 1500 (1234) 1467 (1213)
Total with
X-band 18 1524 (1234) 1447 (1213)

2.3 Magnetic Lattice

The magnetic lattice of the FERMI@Elettra beam delivery system has been de-
signed in a way that it minimizes the emittance degradation and, at the same
time, allows relaxed magnetic specifications. The values of the Twiss param-
eters at specific locations of the lattice are constrained by the optimization of
diagnostics performance, the efficiency of the collimation process and the beam
matching to the downstream lattice. In particular, the FERMI linac focusing sys-
tem is designed to minimize the transverse emittance dilution due to transverse
wake fields, momentum dispersion and coherent emission of synchrotron radi-
ation in bends. Figure 2.3 shows the optics of the FERMI@Elettra electron beam
delivery system for FEL1 (neither X-band cavity, nor BC2 are included).
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Figure 2.3: Optics of the FERMI@Elettra electron beam delivery system for
FEL1. The black line sketches the machine layout. Labels for different machine
areas are on the top.

A 0.8 m long drift section is foreseen after each accelerating structure to pro-
vide focusing and trajectory control. It includes one quadrupole magnet with
bipolar power supply with normalized integrated gradient kl ≤ 0.14 m−1 and
one combined corrector magnet with maximum kick angle of ∼ 1.0 mrad for
trajectory correction in the horizontal and vertical plane. The average betatron
function along the main linac is approximately 20 m. The positioning of cor-
rectors and Beam Position Monitors (BPMs) was chosen to optimize the trajec-
tory steering for one-to-one (any corrector forces the trajectory to zero at the
succeeding BPM) as well as global correction (based on inversion of the trajec-
tory response matrix). A sole chicane design, mechanical and magnetic, for BC1
and BC2 has been developed in house at the Elettra Laboratory, inspired by the
LCLS [33] and LEUTL [40] movable chicane design. The 8.0 m long symmetric
chicane of FERMI is shown in Figure 2.4. It includes 4 identical bending mag-
nets all powered by one power supply, 2 identical quadrupole magnets in the
lateral arms and 4 independently powered trim coils, each of them associated
with one bending magnet. These are intended for a fine tuning of the disper-
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sion bump by compensating the field-to-current calibration errors in the dipole
fields. The trim coils act in the horizontal plane only and can be used as weak
trajectory correctors as well. Some electron beam diagnostics is in between the
two inner bending magnets: one horizontal scraper, one BPM and one screen.
As in the LCLS design, during the set up of the required bending angle, the
outer dipoles stay fixed, the lateral arms rotate and the central drift and dipole
magnets translate in the horizontal plane to allow a continuously tunable bend-
ing angle. Accordingly, the beam is always at the center of the vacuum chamber,
for the nominal energy and any angle in the range 0–0.122 rad. Some important
upgrades were carried out to the original LCLS design to improve the magnetic
field quality of the dipole magnets and to ensure a very precise and reliable
mechanical movement of the chicane in the bending plane. The dipole field ho-
mogeneity has been measured to the 10−5 level (limited by the measurement
resolution). The mechanical movement is directed by a linear encoder with 50
µm relative accuracy and sub-micron reproducibility.

Two transfer lines, one assigned to FEL1 and the other to FEL2, transport
the electron beam from the linac end to the undulator. This system, called
“Spreader”, starts with an achromat that is common to the two lines; it is made
of two 3 degree dipole magnets that deflect the beam away from the linac axis
(see Figure 2.2). In the line that leads to the FEL2 undulator, an identical achro-
mat with dipoles of opposite polarity brings the beam back parallel to the linac
at a distance from it of 1 m. When operating the FEL1 line, one of the afore-
mentioned dipoles is switched off and the beam proceeds to another achromat
that again bends the beam parallel to the linac and displaced from it by 3 m. The
two undulator lines are thus parallel and separated by 2 m. In this way, all beam
lines in the Experimental Hall have the possibility of receiving the output light
from FEL1 and FEL2, also thanks to a proper layout of switching mirrors located
at the end of the Undulator Hall. The compactness of the Spreader line, only
20 m long for FEL2 and 30 m long for FEL1, forces to adopt relatively strong
quadrupole focusing with integrated strength kl ≤ 1.52 m−1. The optics was
designed to cancel any emittance blow up due to the emission of coherent syn-
chrotron radiation in the bends by a suitable choice of the small bending angles
and 180o betatron phase advance between the dipoles. Four quadrupoles at the
end of each Spreader branch line ensure the optics matching to the downstream
undulator lattice.
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Figure 2.4: FERMI@Elettra movable magnetic chicane for bunch length com-
pression. Drawing courtesy of D. La Civita.

2.4 High Gain Harmonic Generation Free Electron
Laser

FERMI@Elettra FEL is based on the harmonic up-shifting of an initial seed signal
in a single-pass FEL amplifier employing multiple undulators. The basic prin-
ciples which underlie this approach are: the energy modulation of the electron
beam via the resonant interaction with an external seed laser in a first undula-
tor, called “modulator”; the use of a dispersive section to then develop a strong
density modulation with large harmonic overtones and the production of co-
herent radiation by the microbunched beam in a downstream undulator, called
“radiator”. The radiator is tuned at a harmonic of the seed laser wavelength.

The first stage of the project, FEL1, generates coherent output radiation in the
20-100 nm spectral range. For these wavelengths, users require short (<100 fs)
pulses with adjustable polarization and high temporal and spatial reproducibil-
ity. FEL1 relies upon a single-stage, HGHG scheme (i.e., modulator-dispersive
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section-radiator). The second stage, FEL2, extends the spectral range to 4 nm.
For FEL2, a two-stage harmonic cascade is needed to reach short wavelengths.
The selected configuration is based on the so-called “fresh bunch” approach [41],
in which the output from the first radiator modulates the energy (in a subse-
quent modulator) of a part of the electron beam that did not interact with the
external seed. Both the FEL1 and FEL2 undulator layout is shown in Figure 2.2.
If a seed laser source using harmonic generation in gas would become available
at ∼20 nm, FEL2 could be operated with a single up-shift in frequency as FEL1
thus eliminating the double harmonic cascade. Design choices for FEL2 do not
preclude this attractive possibility. In the following, each element of the FEL1
and FEL2 scheme are discussed in turn.

An external laser provides an initial, wavelength-tunable seed signal. This
signal, in conjunction with the magnetic field generated by the modulator, pro-
duces a relatively strong energy modulation ∆δ (δ is here the relative energy de-
viation) of the beam electrons at the seed wavelength via resonant interaction.
Figure 2.5 shows the energy modulation induced in the modulator. Following

Figure 2.5: Energy modulation induced by the external seeding laser in the mod-
ulator of FEL1. The energy modulation amplitude ∆δ induced by the seeding
laser and the slice energy spread σδ,sli are indicated by arrows. The dotted lines
enclosing the electron bunch are the separatrices that define the region of stable,
periodic particle motion in the longitudinal phase space. Figure courtesy of G.
De Ninno.
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its exit from the modulator, the electron beam then passes through a dispersive
section in which a density modulation develops from path length differences
associated with the energy modulation. As long as ∆δ � σδ,s, where σδ,s is the
relative initial slice energy spread, a strong periodic density modulation is cre-
ated at the wavelength λ0 of the seed laser, containing large higher harmonic
components, up to the harmonic number m ∼ ∆δ/σδ,s. At this point the electron
beam enters the radiator, whose wavelength and magnetic strength are tuned
such that the FEL resonance occurs at an integer harmonic m of the original seed
laser wavelength. For FERMI, m varies between 3 and 6 for the first radiator. If,
as in FEL1, this radiator is the final undulator, it generally is made sufficiently
long for the FEL radiation to grow to saturation (or even longer via tapering if
greater output power is sought).

In the FEL2 fresh bunch approach, the duration of the electron bunch is at
least two times longer than the duration of the seed laser pulse. In this case radi-
ation from the first radiator is used to energy-modulate part of the electron beam
in a subsequent modulator; the first radiator is made only long enough that the
radiation is sufficient to produce adequate downstream energy modulation. The
emitted radiation is effectively coherent spontaneous emission, whose power
scales as the square of the product of the current and the longitudinal distance
inside the undulator (ignoring diffraction and debunching effects). Following
the first radiator is a section (essentially a chicane) that temporally delays the
electron beam in order to make the output radiation temporally coincident with
a “fresh” section of the electron beam closer to the beam head. This fresh section
of the bunch has not had its slice energy spread increased via FEL interaction in
the first stage. Thus, it can be far more easily energy- and density-modulated
in the second stage undulator than the “used” electron beam section that inter-
acted with the seed laser pulse in the first modulator and radiator. The second
stage for the fresh bunch approach consists of a modulator, a final radiator, and,
in general, an intervening dispersive section. The modulator uses the radia-
tion from the first stage radiator as its seed radiation; it must therefore have
its undulator period and magnetic strength tuned to be resonant at that same
wavelength. The harmonic up-shift factor between the second stage modulator
and radiator is 4 or less for the FERMI case. The second stage radiator is usually
much longer than that of the first stage both because the initial bunching is nor-
mally smaller and because the FEL is normally run to saturation. The process
of light emission in the final radiator includes at first a quadratic (as in the first
stage) and then an exponential growth regime.

For the first modulator in FEL1 and FEL2, which must satisfy FEL resonance
over a nominal wavelength range of 240 to 360 nm, the undulator wavelength
selected, λu, is 100 mm for 30 periods. For the second stage modulator of FEL2,
the adopted wavelength is 55 mm for 42 periods, matching that of the first stage
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radiator. The choice of λu for the radiators is driven by two principal require-
ments: 1) the FEL resonance be physically possible at the longest wavelength
(i.e., 100 nm for FEL1 and 20 nm for FEL2) for beam energies of 1.2 GeV; 2) there
be sufficient gain (i.e., K ≥ 1, K being the normalized rms undulator magnetic
strength) at the shortest desired output wavelength. FEL1 and FEL2 are required
to provide, at all wavelengths, continuously tunable beam polarization ranging
from linear-horizontal via circular to linear-vertical. The FEL1 radiator and the
final radiator in FEL2 have therefore been chosen to be of the APPLE-II [42],
pure permanent magnets type. For the modulator a simple, linearly-polarized
configuration is best, due to both its simplicity and because the input radiation
seed can be linearly polarized. Wavelength tuning will be done by changing
the undulator gap (and thus K) rather than by changing the electron beam en-
ergy. As the coupling between the radiation and the electron beam can depend
strongly on the beam radius, the FERMI design includes external quadrupole
focusing to produce an average value of 10 m for the betatron function in each
plane. The FEL1 and FEL2 radiators consist of 6 and 8 undulator magnets. The
magnetic length of the individual magnets is 2.3 m. The number of periods is 42
in the FEL1 and first four FEL2 radiator segments (λu = 55 mm) and 66 in the
last four FEL2 radiator segments (λu = 35 mm). Electromagnetic quadrupoles,
high resolution beam position monitors, and quadrupole movers are installed
in between two consecutive undulator segments.

After leaving the undulators, the electron beam, carrying an average power
of 75 W at 50 Hz, is dumped into a shielding block by a sequence of bend-
ing magnets, while the FEL radiation is transported to the experimental areas.
Pulse length preservation, monochromatization, energy resolution, source shift
compensation, focusing into the experimental chamber and beam splitting are
all included in the design of the FEL radiation transport system. It is designed
to handle the high power of up to 10 GW in a sub-ps long pulse. Its differ-
entially pumped vacuum system is windowless, the low-Z material beam line
components operate at grazing incidence angles and the radiation intensity is
controlled by a gas absorption cell.

2.5 Electron Beam Requirements

FEL1 and FEL2 output performance require a high electron beam quality at the
entrance of the undulator and also set tight tolerances on the shot-to-shot repro-
ducibility of the beam delivery system. The baseline FEL output specifications
for FEL1 and FEL2 and the corresponding main electron beam parameters are
listed in Table 2.2. Present scientific proposals involve time-domain experiments
such as pump-probe interactions, nonlinear phenomena, elastic and inelastic
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scattering. Consequently, the requirements are related to the total photon num-
ber per pulse (i.e., 0.42 · 1014), pulse duration (20–100 fs) and spectral bandwidth.

Depending on the experiments, an electron bunch final peak current of 500
A or higher shall be provided. Including the inevitable inefficiency of the com-
pression system, the maximum obtainable peak current is 800 A with 0.8 nC of
charge from the photo-injector. Because in multi-stage operation the first stage
radiation output power scales quadratically with the bunch current, the final
output power also drops sharply as the bunch current is lowered below design.
Should one rely upon strong exponential gain in the final radiator, the output
power would also be very sensitive to the beam current. A critical parameter af-
fecting the required electron beam duration is the arrival time jitter of the beam
relative to that of the seed laser. The expected rms arrival time jitter from the
accelerator with respect to the seeding laser is 150 fs [29]. In order to ensure
sufficient overlap between the seed and the electrons, the duration of the elec-
tron bunch must be at least as long as 600 fs for 100 fs long seed pulses. The
correlations of the energy and charge distributions with the distance along the
electron bunch should be as small as possible in order not to broaden the FEL
bandwidth. The design values of energy and peak current variations along the
usable part of the bunch are specified to be less than 2 · 10−4 and 100 A respec-
tively. A multi-stage harmonic cascade is very sensitive to slice energy spread
because of the very nonlinear process leading to harmonic micro-bunching at
the seed frequency. A very sharp limit in fact exists on the tolerable electron
beam slice energy spread that aims a value of σE,s ≤ 200 keV for FEL1 and≤ 150
keV for FEL2.

The electron beam optics and the photon beam brightness are affected by the
electron beam projected emittance, that therefore should be made as small as
possible. However, even in the case of a factor of 2 worse emittance, the optics
along the undulator is generally recoverable since the beam size would only be
increased by a factor

√
2 for the same average betatron function. Moreover, as

the seeding laser pulse is much shorter than the bunch length, the output pho-
ton brightness depends on the slice emittance. In fact, the FEL saturation length
is only affected by the slice emittance, which is the high priority parameter to be
minimized. The horizontal and vertical, normalized slice emittances at the end
of the FERMI linac should not exceed 1.5 mm mrad for FEL1 and 1.0 mm mrad
for FEL2 to meet the desired photon output. This value, at least ∼ 20% higher
than predicted by photo-injector simulations, includes a safety margin against
emittance dilution effects. As an emittance of 1.0 mm mrad is demanded at
the shortest output wavelength, the accelerator performance is designed to sat-
isfy this most stringent requirement. The specification could be relaxed during
longer wavelength operation.

Albeit a complete jitter study is not in the outline of this thesis, we want to
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point out that shot-to-shot repeatability is an important parameter associated
with time domain experiments. Ideally, for nonlinear phenomena experiments,
the shot-to-shot rms jitter in normalized photon number should be 5% or less.
Such a low value seems unlikely with the presently expected accelerator and in-
jector parameters. A large class of FEL1 experiments can tolerate values as high
as 25% by recording the shot-by-shot photon number for post-processing. Al-
though the total photon jitter is not critical for most experiments in the frequency
domain, shot-to-shot central wavelength jitter during narrow bandwidth opera-
tion may be of concern unless the bandwidth can be maintained at or below the
required spectral resolution. So, in the operation the wavelength jitter should
be less than the individual shot bandwidth in order to not increase the effective
time-averaged, output bandwidth as seen by the user. For both FEL1 and FEL2,
calculations based on time-steady input parameters and full start-to-end time-
dependent simulations were performed using the 3-D numerical codes Genesis
[43] and Ginger [44]. They predict a satisfactory shot-to-shot output stability
for most of the planned experiments on both FEL1 and FEL2 if the following
specifications for the electron beam stability are ensured at the entrance of the
undulator: emittance jitter ∆ε/ε ≤ 10%, peak current jitter ∆I/I ≤ 8%, slice
energy spread jitter ∆σδ,s/σδ,s ≤ 10%, mean energy jitter ∆E/E ≤ 0.1%.

Table 2.2: Main electron and photon beam parameters of FERMI FEL1 and FEL2.

FEL1 FEL1 FEL2 Units
Commissioning Operation Operation

Electron Beam Parameters
Energy 1.2 0.9–1.2 1.2–1.5 GeV
Charge 0.35 ≤ 0.80 0.80 nC
Slice Norm. Emittance (rms) ≤ 1.5 1.5 1.0 mm mrad
Slice Energy Spread (rms) ≤ 0.10 ≤ 0.20 ≤ 0.15 MeV
Total Energy Spread (rms) ≤ 0.1 ≤ 0.1 ≤ 0.1 %
Peak Current (flat region) 200–400 ≥ 500 800 A
Bunch Duration (fwhm) 0.7–1.3 0.7 0.7 ps
Energy Jitter (rms) ≤ 0.1 ≤ 0.1 ≤ 0.1 %
Arrival time jitter (rms) ≤ 200 ≤ 150 ≤ 150 fs
Photon Beam Parameters
Output Wavelength Range 40–60 20–100 4–20 nm
Output Pulse Duration (rms) ≤ 150 ≤ 50 ≤ 50 fs
Bandwidth (rms) 20–40 17 (at 40nm) 5 (at 10nm) meV
Polarization Variable Variable Variable
Peak Power ≥ 0.1 1–5 ≥ 0.3 GW
Photons per Pulse ≥ 1012 ≥ 1013 ≥ 1012 in 1meV bw
Peak Power Stability ≤ 50 ≤ 30 ≤ 50 %
Transverse Stability (rms) ≤ 50 ≤ 50 ≤ 50 µm
Repetition Rate 10 50 50 Hz
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2.6 Conclusions

The main parameters and layout of the FERMI@Elettra single-pass FEL have
been introduced. The first stage of the project, FEL1, is based on the one-stage
High Gain Harmonic Generation (HGHG) scheme that allows the 1.2 GeV elec-
tron beam to emit at the FEL fundamental wavelength of 20 nm. FEL1 is presently
being commissioned and is nearly fully realized. The second stage of the project,
FEL2, implements the two-stage HGHG scheme in the version of the so-called
fresh bunch technique. In this way, the 1.5 GeV electron beam could emit at
the fundamental wavelength of 4 nm. Commissioning of FEL2 is going to start
at the end of 2011. Due to the relatively low energy of the electron beam, the
harmonic up-shifting of an initial seed signal is an obliged choice for FERMI in
order to reach the FEL fundamental emission at such short wavelengths. At the
same time, the seeding interaction puts a tight constraint on the maximum slice
energy spread of the electron beam at the undulator entrance that is approxi-
mately 150 keV (rms value), only a factor of 5 bigger than the minimum the-
oretical uncorrelated energy spread expected after bunch length compression.
Peak power saturation at the fundamental wavelength is ensured by the sev-
eral hundred’s Ampere electron beam with a normalized slice emittance equal
or smaller than 1 mm mrad. To provide such high brightness electron beam,
the S-band, normal conducting Elettra linac has been upgraded with other 7 ac-
celerating structures from CERN. Only the Elettra structures should be able to
provide the remarkable accelerating gradient of 25 MV/m, instead of 15 MV/m
in the others, by virtue of the SLED system for RF pulse length compression.
Unfortunately, the BTW structures have irises with inner radius of only 5 mm,
instead of the 9 mm in the TW structures. Such a small radius excite strong lon-
gitudinal and transverse wake fields that have to be carefully considered in the
machine design and study of the electron beam dynamics. A movable, achro-
matic, four dipole magnetic chicane has been designed to manage the magnetic
bunch length compression. Two of these chicanes, BC1 and BC2, are integrated
in the linac magnetic lattice. A 30 m long transfer line brings the high energy
electron beam to the parallel undulator lines of FEL1 and FEL2. The electron
beam is finally dumped in the horizontal plane, while the emitted photons are
transmitted to the downstream photon beam lines for experiments.
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