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SASE Free Electron Laser

Self Amplified Spontaneous
Emission (SASE)

amplification, up to
saturation, of the
spontaneous emission
produced by the ebeam
entering in the undulator

requires high quality ebeam
with very high peak current
(∼ kA)

typical bunch length in the
1− 100 fs

usually poor longitudinal
coherence (temporally and
spectrally spiky emissions)
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travel the distance λu + nλn; that is, t' = (λu + nλn)/c, where c is the 
speed of light in vacuum. By equating these expressions, the fol-
lowing relation for the resonant wavelengths is obtained28:

u u
2 2 (1 + u 

2)    for  = 1, 2, 3...1− /  

/  

where –vz ≈ c(1 − (1 + āu
2)/2γ2) and āu is the root-mean-squared 

undulator parameter proportional to the undulator period and 
magnetic field, which is typically 1 ~< āu ~< 5. For a given fundamental 
wavelength λ1, this expression can be inverted to obtain the resonant 
z-component of the mean electron velocity, giving –vz = ck1/(k1 + ku).

A more detailed analysis28 shows that only the fundamental and 
odd harmonic wavelengths of the radiation (n = 1, 3, 5...) are in fact 
emitted on-axis, and for an helical undulator, in which the electron 
motion forms a spiral along the z axis, only the fundamental har-
monic has strong emission on-axis. The wavelength can be tuned 
by changing either the electron energy (by varying γ) or the undu-
lator parameter āu.

The power emitted by the electrons in an undulator is given by:
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where φj are the relative phases of the emitted radiation electric 
fields Ej, with the number of electrons N  1. For a system with 
uncorrelated phases, the second sum of ~N2 terms tends to destruc-
tively interfere. This is what happens in normal incoherent ‘sponta-
neous’ sources of undulator radiation, and the total power emitted 
is approximately equal to the sum of the powers from the N inde-
pendent scattering electrons. To tap into the potentially much larger 

coherent N2 term, the phases of the electric fields must be corre-
lated; that is, φj ≈ φk for all electrons. Put simply, the electron sources 
must be periodically bunched at the resonant radiation wavelength. 
This is what the FEL interaction does, as shown schematically in 
Fig. 2. We shall now demonstrate how the high-gain FEL interaction 
does this by describing how the electrons interact collectively in the 
combined undulator/radiation fields.

The high-gain FEL interaction
To describe the high-gain FEL interaction, coupled equations that 
follow the electron motion and radiation generation self-consist-
ently are required. The Lorentz equation describes the forces on 
each electron resulting from the combined undulator and radiation 
fields, and Maxwell’s wave equation describes the electric field of 
the radiation as driven by the transverse electron current induced 
by the fields.

First, it is useful to consider how the transversely oscillating elec-
trons bunch at the resonant wavelength in a fixed plane wave field 
of constant amplitude. An electron’s rate of change of energy may 
be written as:

E v

Although the second term has a phase velocity of vph > c, the first 
term has a phase velocity of vph = ck1/(k1 + ku) < c. This is exactly 
the mean resonant electron velocity obtained previously for the 
resonant undulator radiation; that is, –vz = vph, which shows that, 
neglecting the fast oscillatory second term with vph > c, an electron 
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Figure 1 | An undulator selects only certain resonant wavelengths of the 
radiation emitted by an electron. a, The lower plot shows an electron 
trajectory over one undulator period, λu. The upper plot shows the electric 
fields Ex for two resonant wavelengths λn at the fundamental (n = 1; red) 
and third harmonics (n = 3; blue). A non-resonant electric field is also 
shown (green). The fundamental and third harmonics are phase-matched 
with the electron after one undulator period — these constructively 
interfere over many periods. The non-resonant field is not phase-matched 
and will destructively interfere over many periods. b, Plot showing how the 
radiation spectrum evolves from a broadband synchrotron source to the 
distinct resonant wavelengths of undulator radiation as a function of the 
undulator length z = Nuλu over many periods. 

Incoherent emission:
electrons randomly phased

Coherent emission:
electrons bunched at
radiation wavelength

Figure 2 | FEL operating principle. When electrons enter the undulator, 
their initially random phases ensure that mostly incoherent radiation 
is emitted at the resonant radiation wavelength (left). Because the 
electrons interact collectively with the radiation they emit, small coherent 
fluctuations in the radiation field grow and simultaneously begin to bunch 
the electrons at the resonant wavelength. This collective process continues 
until the electrons are strongly bunched towards the end of the undulator 
(right), where the process saturates and the electrons begin to de-bunch.
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Seeded FEL

Use of external seed laser
→ control the distribution of the electrons
within the bunch

seed

modulator
dispersion

radiator

Benefits of a seeded FEL:

final FEL pulses inherit
properties of the seed

improvement of temporal
coherence of FEL pulses

control of time duration and
bandwidth

low arrival time jitter

reduction of undulator chain
to reach saturation

Drawback:

no seeding sources at very short wavelength range

spectral properties sensitive to the ebeam longitudinal phase-space



Microbunching instability in LINACs

Gain mechanism:
density modulation −−→

linac
energy mod. −−−−−−−→

bunch comp.
density mod.

Main ingredients:
LSC (Longitudinal Space Charge) & CSR (Coherent Synchrotron Radiation)

[Saldin et al., NIMA 490, 1 – 8 (2002)], [Saldin et al., NIMA 528, 355 – 359 (2004)]
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High-quality e-beam for high-gain FELs ?

Broadband µBI with maximum gain
around few µm.

Longitudinal phase-space modulated in
energy and/or density through µBI.

Increase of 〈energy spread〉 comparable
to the FEL parameter
→ suppression of SASE gain.

One of the methods to control and
suppress the µBI: the laser heater (LH)
→ induces a controllable increase of the
〈energy spread〉 to damp the µBI.
[Saldin et al., NIMA 528, 355 – 359 (2004)]
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[Ratner et al., PRSTAB 18, 030704 (2015)]



Microbunching and seeded FELs

A seeded FEL is more sensitive to e-beam
phase-space properties.

Small imperfections on the phase-space
have strong impact on FEL spectrum.

↓
seed laser modulation (kS) superposed to
µBI modulation (kµB)

generation of FEL pulses via frequency
mixing process:

kFEL = h× kS±m× kµB

stochastic effect on the FEL spectrum
[Z. Zhang et al., PRAB 19, 050701 (2016)]
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”Seeded Linac”

Principle

Take advantage of the microbunching instability gain occurring in the linear
accelerator to imprint a coherent modulation onto the electron beam,
using a dedicated laser heater pulse shaping [E. Roussel et al., PRL 115, 214801 (2015)]

→ seeded microbunching instability !
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What’s the laser heater (LH)?

The LH induces a homogenous increase of the uncorrelated energy spread to
damp the µBI. Optical wavelength washed out at the exit of the chicane.

Ti:Sa laser
800 nm

e-

Before the chicane In the chicane After the chicane



LH pulse shaping

Generation of a modulated laser pulse using chirped pulse beating
technique

Time

chirp

Time

2 delayed
copies recombine

Time

Time

Time
𝜏

1/Tm∝𝜏

[Weling and Auston, JOSA B 13, 2783 (1996)]

LH intensity profile with beating frequency inside the gain curve of µBI
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Modulation of the electron beam (1)

Can we really modulate the ebeam using LH beating ?
Smearing condition of the LH chicane: λ� 2π|R52σx′ | = 4 µm.
Here, optical wavelength = 780 nm and beating wavelength = 32.6 µm.

Before the chicane In the chicane After the chicane



Modulation of the electron beam (2)
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Modulation of the electron beam (2)
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Microbunching amplification

Energy (MeV)
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Microbunched electron beam in the undulators
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Impact on FEL emission

FERMI is a seeded FEL based on high-gain harmonic generation (HGHG).

kFEL = hkS ±mCkB
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Observation of sidebands coming from a frequency mixing between the seed
wavelength and the beating wavelength (scaled by the compression factor).



Impact on FEL emission

FERMI is a seeded FEL based on high-gain harmonic generation (HGHG).

kFEL = hkS ±mCkB
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Observation of sidebands coming from a frequency mixing between the seed
wavelength and the beating wavelength (scaled by the compression factor C).



Tunability of FEL spectrum

Tuning of the sideband position by acting:

on the compression factor C or on the beating wavelength kB .
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FEL sideband selection
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FEL in the ”dark” part of the seed laser

FEL-1 range for the ”nominal” FERMI seed laser operation (230 – 260 nm)

Increased tunability via LH beating-induced sidebands

43 43.5 44 44.5 45 45.5 46
Wavelength (nm)

0

0.5

1

1.5

2

2.5

3

F
E

L 
sp

ec
tr

um
 (

ar
b.

 u
ni

ts
)

𝜆S ≈ 260 nm
h = 6 

𝜆S ≈ 230 nm
h = 5 

SB = -1 

SB = -2

SB = -3 SB = -4

SB = +1

SB = +2

SB = +3



Outline

1 Introduction to the microbunching instability

2 Multicolor FEL driven by seeded microbunching instability

3 Towards tunable narrowband THz emission

4 Conclusion



Towards tunable narrowband THz emission
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TeraFERMI: parasitic THz beamline in the beam dump area.
Ultra-short, high-power THz pulses between 0.3 – 15 THz to pump on
electronic, vibrational and magnetic excitations.
[A. Perucchi et al., Rev. Sci. Instrum. 84, 022702 (2013)]

Wavelength range 1 mm – 20 µm
THz pulse energy 50 µJ – few mJ

Operation conditions FEL-1/FEL-2
10/50 Hz

Courtesy of A. Perucchi



LH pulse shaping

Strategy: modulate the electron beam in the sub-THz/THz range and take
advantage of the bunch compression to reach the THz/tens of THz range.

First application in storage rings (UVSOR, Japan): [C. Evain et al., Phys. Rev. ST

Accel. Beams 13, 090703 (2010)]

Calculation for LINAC: [Z. Zhang et al., Phys. Rev. Accel. Beams 20, 050701 (2017)]
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Zoom in the central part

1 THz ≡ 300 µm → no µBI gain in these wavelengths ...
but no need because strong modulations are available at the LH !



Simulation of ebeam dynamics The accelerator

Figure 2.2: FERMI linac layout

beam and then accelerate it by the two sections indicated by purple squares
in Fig. 2.2.
Electron bunches with a charge of ⇠ 700 pC and ⇠ 10 ps long, are generated
by a laser pulse (Photo Injector Laser PIL) shining the cathode of the electron
gun that accelerate them up to reaching a 5 MeV beam energy.
A solenoid magnet produces a focusing magnetic field that helps in preserving
the low emittance (typically of the order of one mm · mrad), because it com-
pensates the e↵ects of space charge .

Figure 2.3: The FERMI Photo-Injector. a) RF Gun, b)Solenoid, c)Pop-in screens,
d)TW1, e)TW2

At the exit of the gun the electron beam is accelerated up to 100 MeV by
two accelerating traveling wave (TW1 and TW2) cavities with radiofrequency
(RF) in the S-band.
The layout of the photo-injector is reported in Fig. 2.3 with its main elements:
RF Gun and solenoid, the components of the diagnostic system and the two
accelerating sections. More details concerning the photo-injector and its opti-
mization are reported in [40].

2.1.2 Laser heater

At the exit of the photo-injector, a first diagnostic stage allows to measure
and control the beam properties such as the transverse sizes and the energy
spread. Beyond the measurement and control of the electron beam optics us-
ing quadrupole magnets,the laser heater system is an important tool to control

49

Comp. factor C1 ≈ 4.1 C2 ≈ 1.8
R56,1 = −42 mm R56,2 = −20 mm

Simulation with ELEGANT. Initial condition: λB = 200µm, ∆E = 50 keV.
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Experimental THz-modulated ebeam
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Observation of a modulated beam in the tens of THz range at the end of
the linac starting from an initial modulation in LH around 2 THz.
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Tunable THz modulation

LH PROFILE PHASE-SPACE



Tunable THz modulation (bis)



Optimization of modulation amplitude

Optimization of the rotation of the structures by controlling the initial
modulation amplitude at the LH or by acting on the dispersion strength.



Optimization of modulation amplitude (bis)
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Conclusion

LH pulse shaping: an alternative method to probe and investigate the
microbunching instability.

LH: a powerful tool to control the FEL spectro-temporal properties.

Generation of tunable, incommensurate, multicolor FEL pulses.
[E. Roussel et al., PRL 115, 214801 (2015)]

Non-gaussian ebeam heating for higher harmonic frequency conversion.
[E. Ferrari et al., PRL 112, 114802 (2014)]

LH pulse shaping for FEL pulse duration control.
[V. Grattoni, IPAC17, WEPAB034]

Towards the generation of intense tunable narrowband THz radiation.

And what about SASE FELs... ?
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