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Abstract 
FERMI is undergoing a series of upgrades to keep the 

facility in a world-leading position. The ultimate goal of 
the development plan consists in extending the facility 
spectral range to cover the water window and above, and 
to reduce the minimum pulse duration below the character-
istic lifetime of core hole electrons of light elements. We 
present here the main elements of this upgrade strategy.  

INTRODUCTION 
The upgrade involves deep modifications of the linac 

and of the two FERMI FELs with the ambition of extend-
ing the FEL performances and the control of the light pro-
duced to include the K-edges of N and O, the L23-edges of 
elements of the third period, and early elements of the 
fourth period (Sc to Cr). One of the main requisites of this 
upgrade is the preservation of the uniqueness of FERMI: 
the possibility to control the properties of the radiation by 
seeding the FEL with an external laser system. Through the 
control of the microbunching formation in the electron 
beam the seed allows amplification of almost Fourier trans-
form-limited pulses  [1–3], to synchronize the FEL pulses 
with unprecedented precision to an external laser  [4] and 
to control many pulse properties, such as phase and coher-
ence  [5,6]. The extended photon energy range will allow 
resonant experiments (XANES, XMCD, SAXS, CDI,…) 
exploiting several important edges (life-time in the range 
of few fs), larger wave-vector (non-linear optics), ultrafast 
chemistry (conical intersections, lifetime 0.5 – 10 fs)  [7]. 
Presently, the spectral range up to 310 eV is covered by the 
two FELs: FEL-1 and FEL-2; the first provides photons in 
the range 20-65 eV, the second in the range 65-310 eV. In 
view of the upgrade, the photon energy distribution be-
tween the two FELs has to be adapted to the upgraded sce-
nario, with FEL-1 still covering the low photon energy 
range, but extended to reach a photon energy of 100 eV 
(see C. Spezzani et al., these proceedings), and FEL-2 ded-
icated to the high energy range, from 100 eV to about 
550 eV. 

FEL-2 UPGRADE 
To extend the FEL-2 spectral range to the oxygen K-

edge, two options were considered, either by using EEHG 
directly, or with a cascade employing both EEHG and 
HGHG techniques in the “fresh-bunch” injection technique 
now used on FEL-2. The implementation of the first solu-
tion, EEHG, requires a first large dispersion chicane of up 
to 15 mm for optimized EEHG operation. This makes the 
scheme prone to a number of effects which may result in a 
degradation of the FEL spectral purity and of the FEL gain 
in the final radiator  [8, 9]. The large chicane is indeed an 
amplifier of microbunching instability (MBI). A second is-
sue is the emission of incoherent synchrotron radiation 
(ISR) and the intra-beam scattering (IBS) along the chi-
cane. These two effects are the source of mixing of the fil-
amented phase space that produces the high harmonic 
bunching in EEHG after the second chicane, a factor re-
ducing the bunching at the entrance of the amplifier. 

All these effects would be mitigated in a scheme where 
the chicanes have a lower dispersion. This is the reason 
why we considered the second option, where the EEHG 
generates a seed that is then used in fresh-bunch to seed a 
second HGHG stage, similar to what is done in the present 
FEL-2 configuration. The present double-stage HGHG 
with fresh-bunch scheme can be upgraded by converting 
the first stage to an EEHG configuration aimed at reaching 
harmonics of the order of 30. The second stage would then 
up-convert the output of the first stage to harmonics of the 
order 120-130 as required. 

This configuration needs a much lower dispersion, of the 
order of 4-5 mm, which is only a factor two larger than the 
one used in the FERMI EEHG experiment. We analysed 
the four different configurations of seeded FELs shown in 
Fig. 1 and selected the most promising one with the aim of 
extending the seed coherence to the highest harmonic or-
ders. 

The explicit dependence of the pulse peak power on the 
various parameters and for linear polarization is shown in 
the plots represented in Fig. 2. Table 1 lists the parameters 
used in the calculations. 
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Figure 1: Schematic layout of the four configurations analysed, in order from top to bottom: High-gain harmonic gener-
ation (HGHG as in FEL-1), double stage, high-gain harmonic generation with fresh-bunch injection technology. 
(HGHG+FBIT as in FEL-2), Echo-enabled harmonic generation (EEHG), Double stage, echo-enabled harmonic genera-
tion with fresh-bunch injection technology. (EEHG+FBIT). 

 
Figure 2: Dependence of the estimated FEL output power 
on electron beam emittance, energy spread and beta 
(Twiss) parameter. Assumptions: wavelength of operation 
2 nm, linear polarization. Other parameters as listed in  
Table 1.  

Any degradation of the beam parameters with respect 
to the reference values of Table 1 has an effect on the FEL 
output power. The figures show a higher sensitivity to the 
beam quality of the HGHG+FBIT configuration, if com-
pared to the one of the EEHG+FBIT and pure EEHG 

configurations. Pure HGHG cannot reach this wavelength 
and is excluded from the comparison.  

 

Table. 1 Reference Beam/seed Parameters 

Beam parameter Value (unit) 
Energy 1800 (MeV) 
Energy spread 200 (keV) 
Current 1000 (A) 
Emittance 0.8 (mm mrad) 
Seed parameters Value (unit) 
Seed wavelength range λ𝑠𝑠 240-266 nm 
Seed1 time duration 100 fs 

FEL parameters Value (unit) 

Polarization linear 
 

HGHG+FBIT shows worse performances in all the 
conditions because of the large harmonic orders required 
in both stages to reach harmonics of order 130. The pure 
EEHG scheme was considered with ten undulators in the 
final amplifier. Its performance is comparable to 
EEHG+FBIT, but requires a much larger 1st dispersion 
(12-15 mm vs. 5 mm in EEHG+FBIT) and is prone to am-
plification of microbunching instability. In this pure EEHG 
scheme a lower bunching factor is available at the ampli-
fier, making this configuration sensitive to the gain in the 
final amplifier. Larger gain requires a longer amplifier and 
enhances the amplification from “shot-noise”, i.e. the 
SASE background. Another disadvantage associated with 
the large chicane required by pure EEHG is the effect on a 
chirped e-beam where current spikes at the head/tail could 
further enhance SASE emission. Figure 3 indicates the 
EEHG+FBIT configuration as the more robust solution to 
reach the 2 nm target wavelength.  

SIMULATIONS 
The performance of the pure EEHG and EEHG+FBIT 

schemes at 2.1 nm was evaluated by running time-
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dependent GENESIS 1.3  [10]. The parameter optimization 
was achieved by analytical estimates and by running pre-
liminary steady state simulations. Figure 3 shows the 
power (left) and spectrum (right) after 8 radiators, in both 
pure EEHG and EEHG+FBIT configurations, when an in-
tensity close to saturation is reached in the seeded part of 
the electron-beam. The electron-beam current, energy, and 
energy spread profiles at the end of the FERMI linac (just 
before the first modulator) were calculated using the parti-
cle tracking ELEGANT  [11] simulations. The results were 
obtained using smoothed electron-beam profiles, corre-
sponding to initial peak bunching (at the radiator entrance) 
of around 1.5%. The smoothing procedure was calibrated 
averaging out modulations on the scale shorter than ap-
proximately 5 μm, as could be expected according to the 
laser heater configuration. These simulations were run with 
5 106 particles per slice and include effects in the chicane 
such as intra-beam scattering and wakefields, which signif-
icantly affect the output, especially at short wavelengths. 

 

 
Figure 3: Power (left) and spectrum (right) at 2.1 nm ob-
tained from time-dependent GENESIS 1.3 simulations in 
EEHG (blue) and EEHG+FBIT (red) configurations.  

In Fig. 4 the same simulation was run with Genesis 1.3 
ver. 4.4, in one-to-one mode, i.e. one simulated electron per 
real electron. This second simulation does not include col-
lective effects in the chicane. 

 
Figure 4: Power temporal profile (left) and spectrum (right) 
at 2.1 nm obtained from time-dependent GENESIS 1.3 
(4.4) in one-to-one mode simulation for the pure EEHG 
(blue) and EEHG+FBIT (red) configurations. 

Pulse energy at the GW level is reached in both the con-
figurations, the small differences in peak power between 
EEHG and EEHG+FBIT are not significant and may be 
due to small differences in the tuning of the input parame-
ters. Both simulations in Figs. 3 and 4 point out the higher 
contamination of SASE background in the pure EEHG 
configuration with respect to the EEHG+FBIT configura-
tion. This SASE signal depends on the number of macro 
particles used in the simulation and on the smoothing pro-
cedure applied, but even the “smoothed” case of Fig. 3 still 

shows a residual but visible SASE background after eight 
undulator modules.  

The above results show that using a pure EEHG config-
uration, the FEL output at such short wavelengths is sensi-
tive to the level of microbunching and starts getting af-
fected by SASE emission. The EEHG+FBIT simulation in-
stead is less affected by the SASE background, and the dif-
ferences between Figs. 3 and 4 are probably due to the col-
lective effects in the chicane that were not included in Fig. 
4. Comparing the pure EEHG and EEHG+HGHG config-
urations (c.f., Figs. 3 and 4), the latter performs signifi-
cantly better in terms of the spectral quality because of a 
lower contribution from SASE background.  

We have presented a partial view of the pathway for the 
upgrade of the FERMI FEL facility over a time span of 
about nine years. The facility is undergoing technological 
transformations that will allow the extension of the spectral 
range to the target of the carbon to oxygen K-edges. The 
reader is addressed to ref.  [7] for a more comprehensive 
overview.  

REFERENCES 
[1] E. Allaria et al., “The FERMI Free-Electron Lasers”, J. Syn-

chrotron Rad., vol. 22, p. 485, 2015. 
[2] E. Allaria et al., “Highly Coherent and Stable Pulses from 

the FERMI Seeded Free-Electron Laser in the Extreme Ul-
traviolet”, Nature Photonics, vol. 6, p. 699, 2012. 

[3] E. Allaria et al., “Two-Colour Pump-Probe Experiments 
with a Twin-Pulse-Seed Extreme Ultraviolet Free-Electron 
Laser”, Nature Communications, vol. 4, p. 2476, 2013. 

[4] M. B. Danailov et al., “Towards Jitter-Free Pump-Probe 
Measurements at Seeded Free Electron Laser Facilities”, 
Optics Express, vol. 22, p. 12869, 2014. 

[5] K. C. Prince et al., “Coherent Control with a Short-Wave-
length Free-Electron Laser”, Nature Photonics, vol. 10, 
p. 176, 2016. 

[6] O. Y. Gorobtsov et al., “Seeded X-Ray Free-Electron Laser 
Generating Radiation with Laser Statistical Properties”, Na-
ture Communications, vol. 9, p. 4498, 2018. 

[7] E. Allaria et al., “FERMI 2.0 Conceptual Design Report” 
https://www.elettra.trieste.it/images/Docume
nts/FERMI%20Machine/Machine/CDR/FERMI2.0CDR.
pdf 

[8] E. Hemsing, “Bunching Phase and Constraints on Echo En-
abled Harmonic Generation”, Phys. Rev. Accel. Beams, 
vol. 21, p. 050702, 2018. 

[9] G. V. Stupakov, “Effect of Coulomb Collisions on Echo-
Enabled Harmonic Generation (EEHG)”, in Proc. FEL'11, 
Shanghai, China, Aug. 2011, paper MOPB20, pp. 49-52. 

[10] S. Reiche, “GENESIS 1.3: A Fully 3D Time-Dependent 
FEL Simulation Code”, Nucl. Instr. and Meth. in Phys. Res. 
A, vol. 429, no. 1-3, pp. 243-248, 1999.  
doi:10.1016/S0168-9002(99)00114-X 

[11] M. Borland, “ELEGANT: A Flexible SDDS-Compliant 
Code for Accelerator Simulation”, Office of Scientific and 
Technical Information, Tech Report No. LS-287, 761286, 
2000. doi:10.2172/761286 

13th Int. Particle Acc. Conf. IPAC2022, Bangkok, Thailand JACoW Publishing
ISBN: 978-3-95450-227-1 ISSN: 2673-5490 doi:10.18429/JACoW-IPAC2022-TUPOPT018

MC2: Photon Sources and Electron Accelerators

A06: Free Electron Lasers

TUPOPT018

1043

C
on

te
nt

fr
om

th
is

w
or

k
m

ay
be

us
ed

un
de

rt
he

te
rm

s
of

th
e

C
C

B
Y

4.
0

lic
en

ce
(©

20
22

).
A

ny
di

st
ri

bu
tio

n
of

th
is

w
or

k
m

us
tm

ai
nt

ai
n

at
tr

ib
ut

io
n

to
th

e
au

th
or

(s
),

tit
le

of
th

e
w

or
k,

pu
bl

is
he

r,
an

d
D

O
I


