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What is seeding?

4

Single-pass Free Electron Lasers (FELs) can amplify the 
noise present in the electron beam density profile obtaining 

powerful SASE radiation.

Using instead an “external” electro-magnetic field (a seed) it 
is possible to initiate the FEL process in a deterministic way.

The properties of the output FEL radiation are inherited and 
determined by the seed itself.
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The seed

5

The “external” seed can be:
High order harmonics generated in gas (HHG)
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The seed

6

The “external” seed can be:
Another FEL 
Monochromatised SASE (self-seeding) or multiple stages
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The seed

7

The “external” seed can be*:

A conventional laser

*And many others…
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Modulator

8

High Gain Harmonic Generation (HGHG)

 An external laser interacts with the electron 
beam in the modulator inducing a periodic 
modulation of the electron beam energy.

 In a dispersive region, energy modulation is 
converted into density modulation with 
significant harmonic content. Beam current 
modulation inherits coherence properties from 
the input laser.

 Coherent bunching 
produces coherent 
emission in the radiator at 
the desired harmonic that 
is then amplified.
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 An external laser interacts with the electron 
beam in the modulator inducing a periodic 
modulation of the electron beam energy.

 In a dispersive region, energy modulation is 
converted into density modulation with 
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Modulator
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Radiator

10

High Gain Harmonic Generation (HGHG)

 An external laser interacts with the electron 
beam in the modulator inducing a periodic 
modulation of the electron beam energy.

 In a dispersive region, energy modulation is 
converted into density modulation with 
significant harmonic content. Beam current 
modulation inherits coherence properties from 
the input laser.

 Coherent bunching 
produces coherent 
emission in the radiator at 
the desired harmonic that 
is then amplified.

Dispersive 

section
Modulator
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Self-Amplified Spontaneous Emission

11

Comparison between SASE and seeded spectra

That’s why you need a seed!
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FERMI Free Electron Laser

Sponsored by: Italian Minister of University and Research (MIUR), Regione Auton. Friuli Venezia Giulia, European 
Investment Bank (EIB), European Research Council (ERC), European Commission (EC)

FERMI
Free Electron Laser

100nm to 4 nm (HGHG)
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FERMI Free Electron Laser

∼ 200 m
Linac Tunnel + 
Injector Extension

Sponsored by: Italian Minister of University and Research (MIUR), Regione Auton. Friuli Venezia Giulia, European 
Investment Bank (EIB), European Research Council (ERC), European Commission (EC)
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FERMI Free Electron Laser

Sponsored by: Italian Minister of University and Research (MIUR), Regione Auton. Friuli Venezia Giulia, European 
Investment Bank (EIB), European Research Council (ERC), European Commission (EC)

∼ 200 m
Linac Tunnel + 
Injector Extension

∼ 100 m
Undulator Hall
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FERMI Free Electron Laser

Sponsored by: Italian Minister of University and Research (MIUR), Regione Auton. Friuli Venezia Giulia, European 
Investment Bank (EIB), European Research Council (ERC), European Commission (EC)

∼ 200 m
Linac Tunnel + 
Injector Extension

∼ 100 m
Undulator Hall

∼ 50 m
Experim. Hall
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FEL bandwidth control

• FEL pulses are characterized by single
mode spectra with narrow linewidth.

16

• FEL spectra fit Gaussian curves and both wavelength and bandwidth are stable.
• Calculated Fourier-limited pulse length matches theoretical predictions suggesting 

a very high longitudinal coherence.

• Typical seed pulses are 120 fs long with 
0.9 nm spectral width. 

FEL pulses inherit the coherence from the external seed laser.
The use of seed pulses close to the Fourier limit, allow the production of FEL pulses 
that are also close to the Fourier limit. 
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Seed laser chirp

17

Due to his complexity and to the effects of the multilayers 
mirrors, with OPA we have less control on the seed 
laser chirp. At some specific wavelengths seed pulses 
can be longer with stronger chirp. 

Fine tuning of the FEL wavelength requires changes of the seed laser 
wavelength and it implies the use of an Optical Parametric Amplifier
(OPA) laser.

This has a significant impact in the FEL spectral quality.

In some cases, by switching 
the seed laser from Ti:Sa to
OPA, the FEL bandwidth can 
increase by a factor ~3.

If coherence and chirp are 
preserved, larger bandwidth 
can be used for compressing 
the pulse (CPA).
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FERMI electron beam

Charge 700 pC

Peak current ~800 A

Energy 1 – 1.5 GeV

Energy spread ~150 keV

Energy chirp ~3 MeV

Emittance 1 mm mrad

Size (rms) ~100 μm

• Current spikes are not suitable for seeded FELs. 
• Low energy spread and flat longitudinal phase space are required for seeding.
• Electron beam optimization is different than for a SASE FEL.
• Moderate compression is used. 

Electron beam parameters

• Phase space nonlinearities may counteract 
the benefits of the seed.

• Only electrons interacting with the laser 
participate to the FEL emission. 

M
eV
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Seeded electron beam

Head and tail parts of the beam 
can deteriorate FEL properties.

M
eV
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Seeded electron beam

Head and tail parts of the beam 
can deteriorate FEL properties.

This allow to properly select the best part of the electron for FEL.  

Because the final radiator is short the unseeded part does not produce 
any significant radiation.  

Seed laser pulse is shorter than 
the electron beam. 

M
eV
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Seeded electron beam

Head and tail parts of the beam 
can deteriorate FEL properties.

If the electron beam is not uniform the FEL 
properties may depend on seed timing.  

This allow to properly select the best part of the electron for FEL.  

Because the final radiator is short the unseeded part does not produce 
any significant radiation.  

Seed laser pulse is shorter than 
the electron beam. 

M
eV



Eugenio Ferrari – Oct, 11th 2016Eugenio Ferrari – Oct, 11th 2016NAPAC2016NAPAC2016

Twin seed pulses

RADIATORMODULATOR
DISPERSIVE

SECTION

Twin FEL pulses
τ

µ-controled
birefringent plate

τLaser pulse

e- beam 

τ ∆ϕSEED

Twin seed-e- beam 
interaction

Phase-locked FEL pulses 

22

Δφ

τ 1/τ

ΔΦ

With two seed lasers one can control and change the 
relative time between two FEL pulses. For coherent 
pulses, a fine tuning allows to control the relative
phase between the two FEL pulses. 

Interference between two coherent and phase-locked 
pulses is evident in the spectral domain. 

D. Gauthier et al., PRL 116, 024801 (2016) 
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∆ϕSEED (a.u.)

Interferogram

An accurate control of the relative phase between the seed pulses with steps
∆ϕseed ~ 12o@260nm
Allow to change the phase between the FEL pulses by 
∆ϕFEL ~ 60o@52nm

Residual fringe instability is associated to 
to shifts of the central wavelength of the 
spectral envelope and has strong 
correlation with the electron beam bunch 
compression monitor.Zoom of the central part

FEL phase-locking control

23D. Gauthier et al., PRL 116, 024801 (2016) 

ΔΦFEL = 2π

This correspond to a control 
with ~ 30 as resolution.



Eugenio Ferrari – Oct, 11th 2016Eugenio Ferrari – Oct, 11th 2016NAPAC2016NAPAC2016

Measurements and control of the 
FEL phase chirp* 

25

From a single measurement of the interference
spectrogram of two identical pulses (with 
slightly different wavelength) the SPIDER
algorithm reconstructs the intensity and phase
profiles in the temporal and spectral domain.

The phase locked FEL pulses are 
suitable for SPIDER§ measurement 
(amplitude and phase).  

FEL wavelength 52.3 nm 

seed wavelength/harmonic number 261.5/5

seed pulse duration 126 fs/180 fs (FWHM)

Peak current ≈ 600 A

temporal delay between seed pulse 
replicas (τ)

231 fs

spectral shear between pulse replicas (Ω) 1.7×1013 Hz

G.De Ninno et al.,Nat.Commun.6,9075(2015) 

§“Spectral Phase Interferometry for 
Direct Electric-field Reconstruction …” . 
OPTICS LETTERS 23, 792 1998

A critical point in the SPIDER reconstruction is that the two pulses have 
to be identical with a
small wavelength offset. 
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Measurements and control of the 
FEL phase chirp 

26

Spectral measurements at different
seed laser delay give the wavelength
separation.

A simple solution at FERMI is to seed 
with two identical pulses and to allow 
the electron beam phase-space to 
slightly detune the FEL wavelengths.

Δλ = 2.5×10-2 nm 
 Ω = 1.7×1013 Hz

Δλ

Δt = 230 fs

Electron beam 

Head
Tail

The frequency separation Ω is used
in the SPIDER reconstruction.

M
eV
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SPIDER 
reconstruction

Single shot spectrum 
for a 
fixed seed position.

FFT

SPIDER signal

Spectral 
domain

Temporal 
domain

SPIDER reconstruction

When the two identical seed lasers are used 
clear interference fringes are visible. 

Fringes shape is constant when scanning
the seed lasers over a good range of the beam 
(~400 fs).   

Under the assumption that the two FEL pulses have similar characteristics the SPIDER 
algorithm allows reconstruction of the temporal pulse profile (positive chirp). 

*

*

27

A pulse length of 70 fs is measured. 
G.De Ninno et al.,Nat.Commun.6,9075(2015) 
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FEL phase chirp 
control

FFT

SPIDER signal

Spectral domain

Temporal domain

SPIDER 
reconstruction

When changing the seed laser chirp from positive to negative, the shape of the 
interference fringes changes significantly.  

Evident difference in the 
reconstructed intensity and 
phase temporal profiles.

Experiments with a controlled
chirp along the FEL pulse may 
become possible. 

28G.De Ninno et al.,Nat.Commun.6,9075(2015) 

Single shot 
spectrum for a 
fixed seed 
position.
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FELφ

2
nb

FELφ

RADIATORMODULATOR
DISPERSIVE

SECTION

e- beam 

Seed laser

Temporal profile of the bunching

Temporal profile of the 
phase: 

contribution of the bunching
+ FEL amplification

Spectral profile of the 
FEL pulse

seed 
envelope

seed slowly 
varying phase

e- beam phase from  
time-dependent 
energy profile

Spectral responses to the 
chirps

Spectro-temporal shaping (theory)

29D.Gauthier et al., PRL115,114801(2015). 
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Spectro-temporal shaping (results)

30

Properties of spectra modulation are strongly dependent on the FEL chirp and can 
predicted from theory.

With a significant positive chirp the 
temporal-spectral mapping allows to 

see the bunching modulation.

With slightly negative chirp of the seed 
(compensating the e-beam chirp) the FEL 

response is completely different and one can 
identify signatures of Fourier limit FEL pulses.

Reducing the positive chirp 
changes the spectral properties.

D.Gauthier et al., PRL115,114801(2015). 

b)
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Chirped pulsed amplification (CPA)

Time (ps)

1240

1230

1235

-0.5 0.50
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(M

eV
)

• A chirped e-beam is used in combination with a chirped seed laser to create 
FEL pulses with time-wavelength dependence and higher intensity as the 
number of electrons participating to the FEL process increases.

• Chirped FEL pulses are sent to a compressor based on double grating.

Another way to control the FEL pulse length is CPA.

A coherent light pulse characterized by a linear dependence of the wavelength
along the pulse (chirp) can be compressed with dispersive elements. 
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CPA in FEL, first demonstration

NO 
compression

≈ 150 fs

Compression

≈ 50 fs

The standard FERMI seed laser has been stretched to 290 fs (FWHM). 
With the nominal seed laser bandwidth (0.9 nm FWHM) this seed has a 

significant chirp and is about a factor 3 far from the Fourier limit.  
FERMI FEL-1 has been operated at 37 nm corresponding to one of the good

wavelength for the available compressor.   
FEL pulse length has been measured for different settings of the optical 

compressor.   

The demonstrated capability of compressing FEL pulses is an indication of the 
high degree of coherence of the FERMI FEL pulses and open the way to new 

possibilities for very short pulses.



Eugenio Ferrari – Oct, 11th 2016Eugenio Ferrari – Oct, 11th 2016NAPAC2016NAPAC2016

Two frequencies seeding

33

Instead of seeding with two wavelengths at the end of the accelerator 
we can seed the beam at different locations along the accelerator. 

Most FELs already have a second seeding section in the low energy 
part (laser heater), but induced modulation is washed out. 

Using the chirped pulse beating technique one can seed in LH a 
modulation wavelength that survives or is amplified in the accelerator 
and is then interfering with the final seeding. 
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Laser heater beating

34

LH laser pulses are produced from 100fs IR 
pulses that are stretched to match the
electron beam pulse length ~10ps.

From the superposition of two laser pulses with a small delay we 
can create a beating of the laser amplitude due to the 
superposition of two fields with slightly different wavelength. 

In our configuration, 
beating wavelength 
is ~30μm and can be 
controlled by acting 
on the laser chirp or 
pulse separation.

e-
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Laser heater beating

35
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Beating induced modulation to e-beam

36

Placing the e-beam in the beating
region creates energy spread 
modulation.
In the accelerator energy spread 
modulation can be converted into 
energy and/or density modulation.

Modulation amplitude depends on 
the compression suggesting that 
μB instability is playing a role and 
amplifies the initial modulation.

*E. Roussel et al., PRL 115, 214801 (2015).
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Beating induced modulation to e-beam

37

Also the seeded FEL spectra show 
signatures of coherent modulation in 

the e-beam. Sidebands distance 
matches the estimated periodicity for 

the compressed beam. 

*E. Roussel et al., PRL 115, 214801 (2015).

The sideband central wavelength 
changes with the compression (i.e., 
the periodicity of the modulation): 

Tunable FEL source without tunable 
seed laser
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Various schemes for two color FEL pulses have 
been implemented and provided to the users.

FEL pump - FEL probe experiments
• Different diffraction angles to have 

distinguishable signals
• Selectively excite a resonance in an 

atom and resonantly probe another 
atom bound to the excited one

Two color seeded FEL

23.2 nm 18.7 nm

DSMod

e  beam-

seed_2
seed_1

FEL
probe

FEL
pump

(a)

E. Ferrari et al., Nat. Commun. 7 10343 (2016)
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Conclusions

 The seeded FEL radiation inherits the coherence properties 
of the seed laser, mediated by the electron beam.

 The use of the external seed allows control of critical FEL 
properties:

Wavelength, bandwidth;

Pulse length and pulse separation;

Phase and chirp;

…

 The high degree of coherence and control capabilities open 
the possibility of “engineer” the FEL pulses specifically for the 
experiment one wants to perform (it’s a laser!!!)

39
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