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Abstract 

    VUV and X-ray free electron lasers (FELs) require a 
very bright electron beam. Seeded FEL harmonic genera-
tion is particularly sensible to energy spread and slice 
energy spread can limit the highest harmonic conversion 
factor at which coherent radiation can be produced. Dif-
ferent cascade schemes can have different sensibility to 
the slice energy spread. At FERMI we have evaluated the 
impact of the slice energy spread on the performance of 
high gain harmonic generation (HGHG) and of echo ena-
ble harmonic generation (EEHG) by measuring the FEL 
pulse energy as function of the electron beam slice energy 
spread. The measurements were done at different harmon-
ics. The slice energy spread was varied trough the laser 
heater located in the linac that drives FERMI. 

INTRODUCTION 
Facility based on X-ray and VUV free electron lasers 

(FELs) [1-7] permits to perform a wide class of experi-
ments in physics and chemistry with implications in other 
fields such as biology.  

Most of the existing FEL facilities [1, 2, 4-7] rely on 
the Self Amplified Spontanous Emission requiring a very 
bright electron beam characterized by high density in the 
6-dimensional phase space implying high current, low 
transverse emittance and low energy spread [8]. Sensitivi-
ty to the energy spread is enhanced for seeded FELs [3]. 
The high current required by the FEL is obtained com-
pressing the beam in one or more magnetic chicanes. 
Several collective effects can develop in the linac and in 
the bunch compressors spoiling the final beam quality and 
particular techniques have to be used to counteract these 
effects. Longitudinal microbunching instabilities MBI is 
one of the most relevant collective effect that can spoil the 
electron beam quality and the FEL performance [9].  

To counteract MBI, linacs used to drive FELs are usual-
ly equipped with a laser heater located in the injector  
[10-12]. The laser heater consists of a short undulator 
located in a magnetic chicane where an external infrared 
laser pulse interacts with the electron beam. The increased 
energy spread can be adjusted to the right level to smear 
the density modulation in the bunch compressor and then 
dumping the MBI. Control of MBI and energy spread is 
particularly important for those seeded schemes based on 
frequency up conversion mechanisms used to produce 
highly coherent radiation at an harmonic of the seed.   

In High gain harmonic generation (HGHG) [13, 14] an 

external laser is used to modulate the electron beam ener-
gy in a first undulator. This periodic energy modulation at 
the seed laser wavelength is then converted to current 
modulation, containing components at the harmonics of 
the seed. The bunched beam is then injected in a second 
undulator, tuned at one of the harmonics of the seed, 
where the coherent emission starts and is amplified by the 
FEL process. In order to produce a significant bunching 
the induced energy modulation has to overcome the natu-
ral slice energy spread of the beam, at the same time the 
final energy spread has to be small enough to allow FEL 
amplification. This makes the scheme very sensitive to 
energy spread and limit the maximum number of harmon-
ic conversion to slightly more than 10.  

 A new seeded mechanism call echo enable harmonic 
generation (EEHG) was proposed [15, 16] and demon-
strated on test facilities [17-19]. Recently EEHG has been 
extended in the soft x-ray down to 5nm in a series of tests 
done at FERMI [20].  

In this work we report measurements performed during 
the EEHG experiment at FERMI aimed at evaluating the 
impact of the slice energy spread on the performance of 
EEHG. The experiment rely on measurements of the FEL 
pulse energy as function of the electron beam slice energy 
spread. The measurements were done at different harmon-
ics. In several cases the behaviour of EEHG as a function 
of the slice energy spread has been compared with similar 
measurements done with the same beam using the HGHG 
scheme. The slice energy spread was varied trough the 
laser heater and the FEL properties were characterized 
using few different kind of detectors. 

HGHG AND EEHG AT FERMI  
The FERMI user facility is based upon two externally 

seeded FELs and covers the extreme ultraviolet (FEL-1) 
[3] and soft x-ray (FEL-2) [17]. Figure 1a shows the lay-
out of FEL-2 line. FEL-2 is composed of two stage each 
one working according to the HGHG scheme described 
above. The seed of the first stage is provided by an exter-
nal seed while the output of the first stage is used as seed 
for the second stage.  The electron beam coming from the 
first stage is delayed by a magnetic chicane before enter-
ing in the second stage.  The electron beam modulation in 
the second modulator and the FEL emission in the second 
stage occur now in a fresh part of the electron beam. Fig-
ure 1b shows EEHG scheme implemented in FEL-2 line 
[20].  The first dispersive section is switched off and the 
undulator segments of the first radiator are opened at a 
large gap to provide an almost null field on the axis. In 
the first modulator, the e-beam energy is modulated by 
the interaction with the first seed laser, as in HGHG. The 
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current of the magnetic delay line is increased to provide 
a sufficiently high dispersion (r56~2 mm). After passing 
through this strong dispersive section, the portion of the 
longitudinal e-beam phase space that interacted with the 
seed is strongly modified resulting in a series of stripes 
characterized by a reduced energy spread. The beam goes 
to a single stage of HGHG where the seed is provided by 
a second UV laser. Both seeds in this case interact with 
the same part of the beam. Due to the reduced slice ener-
gy in each stripe, it is possible to produce a significant 
bunching with a single stage at very high harmonics of 
the seed using a moderate energy modulation provided in 
the second modulator.  

As a result of the preparation of phase space before en-
tering the second modulator, EEGH is expected to tolerate 
larger energy spread. Particularly in EEHG the slice ener-
gy spread is expected to have a smaller impact in the 
degradation of the harmonic bunching with respect to 
HGHG. The bunching at the harmonic 𝑎ா  can be es-
pressed, following the notation in [18] as: 

(1) 𝑏௡,௠ = 𝑒ି഍ಶమమ 𝐽௡ሺ−𝜉௘𝐴ଵሻ𝐽௠ሺ−𝑎ா𝐴ଶ𝐵ଶሻ  
where the normalized laser modulations are 𝐴ଵ,ଶ = ∆ாభ,మఙಶ  

and the normalized dispersion are 𝐵ଵ,ଶ = ௄ோఱలభ,మா .  
σE is the slice energy spread, and E is the beam energy. 
The EEHG scaling factor has been defined as 𝜉ா = 
n𝐵ଵ+𝑎ா𝐵ଶ. In our case both seed laser have the same k 
vector and the harmonic number is 𝑎ா = 𝑛 + 𝑚. 

During the EEGH experiments done at FERMI we had 
the possibility to verify the minor sensitivity of EEHG to 
energy spread with respect to HGHG. Figure 2 shows the 
behaviour of FEL intensity, both in HGHG and EEHG, as 
a function of the energy of the laser that drive the laser 
heater.  

Figure 2a shows the FEL pulse energy at 14.7nm, cor-
responding to the 18th harmonic of the seed (e-beam ener-
gy 0.9 GeV), as function of the laser heater energy. The 
red curve is referred to the HGHG. As previously demon-
strated a very small level of heating is enough to supress 
the microbunching and to improve the FEL performances 
in the HGHG setup. Increasing the LH energy above the 
optimum value, needed to suppress the microbunching, 

drops the FEL power because the increased energy spread 
and the reduced bunching efficiency. The blue curve 
shows the behaviour of the EEHG tuned at the same 
wavelength. We can see  that the optimum FEL energy is 
obtained for a greater value of the laser energy compared 
to the HGHG case. Our current explanation of this effect 
is related to the bigger dispersion of the delay line used 
for EEHG that increases the microbunching gain and 
consequently more heating from the laser heater is re-
quired to suppress MBI and optimize the energy spread at 
the second dispersion section where the harmonic bunch-
ing is produced. Then the FEL remain constant even in-
creasing the laser heater energy by a big factor. Figure 2b 
shows the same measurement done with the FEL tuned at 
8.6 nm corresponding to the 30th harmonic of the seed  
(e-beam energy 1.1 GeV). In this case the power of 
EEHG starts to decrease for a laser heater energy double 
respect to the optimum value. At higher electron beam 
energy (and lower R56 on the first chicane) the MBI is 
reduced and hence the optimum for the LH intensity is 
lower.  

 
Figure 2: a) FEL energy vs laser heater energy at harmon-
ic 18th . b) FEL energy vs laser heater energy at harmonic 
30th. 

We can see that the optimum FEL energy is obtained 
for a greater value of the laser energy in the case of the 
lower harmonic. The measurements at the 18th harmonic 
were taken with an electron beam of 0.9GeV and 1.1GeV 
respectively for the 18th and 30th harmonic. Probably the 
electron beam was affected by a stronger microbunching 
at lower energy requiring more energy spread by the laser 

Figure 1: a) nominal layout of FEL-2. b) EEHG implemented at FERMI. 
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heater. From the theoretical equation for energy spread 
provided by the laser heater [10] and from experimental 
measurement with the deflector we have that the mini-
mum energy spread that optimize the FEL emission is 240 
kev at H18 and 200 keV at H30. 

Figure 2 shows that the sensitivity to the energy spread 
increases with the harmonic number both in the HGHG 
configuration and in EEHG.  This behaviour is expected 
and can be derived from the equations for the harmonic 
bunching. In Fig. 3 we plot the EEHG bunching obtained 
from eq. (1) as function of the energy spread at the two 
harmonics.  
 

 
Figure 3: Theoretical normalized square of the bunching 
calculated for H18 and H30. 

The measurements reported in Fig. 2 were taken with all 
the parameters optimized to have the maximum pulse 
energy. It is possible to further reduce the sensitivity of 
EEHG to the energy spread tweaking the value of the 
second energy dispersive section. Indeed, from eq. 1 it is 
possible to show that 𝜉ா governs the formation of the 
bunching and is always convenient to minimize |𝜉ா| and 
to have a value of n small and negative.   

For small value of |𝜉ா| the ratio of the dispersions is 
approximately equal to the harmonic number 𝑎ா ≈ ௡஻భ஻మ  
and the effect of the energy spread on the bunching is 
reduced. From the exponential term in eq. 1 we can see 
that there is no impact of the energy spread on the bunch-
ing for |𝜉ா| = 0. However, this case the bunching is 0. 
The bunching and his sensitivity to energy spread grow 
increasing the value of |𝜉ா| towards his optimum value.  
We have studied the different sensitivity of the FEL ener-
gy to the energy spread for different value of |𝜉ா|. During 
the experiment we fixed the value of 𝑅ହ଺ଵ  and we hanged 
the value of |𝜉ா| by changing the value of 𝑅ହ଺ଶ .  The 
measurements were repeated for several harmonic of the 
seed laser. The results reported in Fig. 4 and Fig. 5 are 
referred to the 30th harmonic of the seed. 

Figure 4 shows the FEL energy as function of the value 
of the 𝑅ହ଺ଶ  (blue curve) with the expected behaviour of the 
bunching. The three points indicate the value of 𝑅ହ଺ଶ   for 
which we took the measurement reported in Fig.5. The 
green curve shows the scaling function as function of the 
value of the of 𝑅ହ଺ଶ  

 
Figure 4: Normalized theoretical square  bunching (blue), 
measured normalized FEL intensity (red) and ) EEHG 
scaling factor  (green)vs R56 of the second dispersion 
section.  
 

Figure 5a shows the FEL energy as function of the laser 
heater energy for the three values, indicated by three dots 
in Fig. 4, of R56 of the second chicane around the left 
peak of the blue and red curves in Fig. 4. Figure 5b shows 
the expected behaviour of the bunching vs the energy 
spread for the three same values of R56. The expected 
behaviour of the sensitivity to the energy spread as func-
tion of the EEHG scaling function is confirmed. 
 

 
Figure 5: a) FEL intensity vs. laser heater energy. b) The-
oretical  𝑏ଶ vs. energy spread. 

CONCLUSIONS 
We have evaluated the impact of the slice energy spread 

on the performance of high gain harmonic generation 
(HGHG) and of echo enable harmonic generation 
(EEHG) by measuring the FEL pulse energy as function 
of the electron beam slice energy spread. EEHG confirms 
to be less effected by the slice energy respect to HGHG.       
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