
Review of techniques for attosecond X-ray Pulse 
generation (FEL based)

Main schemes

• emittance spoiler (P. Emma et al. PRL, 2004)

• slicing: wavelength selection (Saldin et al., Opt. Comm. 2004)

• slicing: current enhancement (Zholents et al., PRSTAB 2005)

• slicing: from a Harmonic Cascade FEL (Zholents et al., PRL 2004)

• slicing: energy chirp revisited: tapered undulator (Saldin et al., PRSTAB 2006)

• ultra short electron bunches: single spike (C. Pellegrini et al., 2007)

• energy chirp (C. Schroeder et al., NIMA 2002)

• attosecond trains from mode locking (N. Thompson et al., 2007)



Review of techniques for attosecond X-ray Pulse 
generation (FEL based)

Main quality factors

• photon energy

• achievable pulse length

• photons per pulse

• synchronisation with an external laser (pump-probe experiments)

• stability (intensity, position, energy, pulse width, … ® diagnostics)

• contrast of the attosecond pulse wrt background (radiation pedestal)

• repetition rate

• need of a monochromator (intensity reduction and radiation damage)
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BACKUP SLIDES



Emittance spoiler

energy chirped e- bunch 

(off crest RF acceleration)

dispersive chicane 

energy chirp ® transverse displacement

slotted foil at the centre of the chicane

emittance is spoiled through the foil

except a narrow unspoiled slice

the spoiled part will not have beam quality to lase

the central slice can still lase



Emittance spoiler
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Tracking 2×105 particle through the LCLS up to 14.3 GeV



Emittance spoiler

Can achieve < 1 fs; 

1010 ppp at 8 keV (a slice of the bunch is lasing, but charge is still large);

radiation pedestal present;

rep rate of the LINAC; 

poor synchronisation (synchronised to the laser of the photocathode, the 
LINAC LLRF may introduce few 100 fs uncertainty; timestamping possible)

stability not excellent (from numerical simulations)

the whole charge goes through the undulator (diagnostics easier)



Slicing techniques basics

e-beam  ~ 100 fs

Laser pulse ~ 5 fs

)t(E

Based on the interaction of electrons with a laser pulse of few optical cycles

Carrier-envelope phase control allows to lock 
the maximum of the electric field to the 

maximum of the envelope – D. Jones et.al., 
Science, 288, (2000) 635;

However most of the simulations assume laser 
pulse parameter at the edge of what is 

technologically achievable

5 fs; several mJ; 1 kHz; 800-1600 nm



Slicing: wavelength selection

The laser needs to have sufficient 
energy per pulse 

The modulation must ensure enough 
energy separation of the peak slice



Slicing: wavelength selection

Can achieve » 300 as;

108 ppp at 12 keV (only a slice of a slice of the bunch is radiating); 

radiation pedestal still present;  

rep rate of the seed laser pulse (1 kHz); 

Good synchronisation (synchronised to the seed laser pulse)

stability -

the whole charge goes through the undulator (diagnostics easier)



Slicing: from Harmonic Cascade FEL

Based on the combination of a seed from 
an external few cycle pulse (800 nm) and 

an X-ray pulse from the Harmonic 
Cascade FEL (2 nm);

The few cycle pulse modulates the 
electron energy in the first wiggler

In a second modulator tuned at 2 nm the 
X-ray pulse is amplified and the electron 
bunch gets a modulation also at higher 

harmonic, e.g. 1 nm

A short radiation pulse at 1 nm 
wavelength is emitted in a third undulator 

and can be synchronised with the 
radiation from a fourth undulator

Modulation by the few cycle laser

bunching at the harmonic of the X-ray seed



Slicing: from Harmonic Cascade

Can achieve » 100 as;

109 ppp at 1.2 keV (only a slice of a slice of the bunch is radiating; 
lower photon energy); 

contrast is good;  

rep rate of the seed laser pulse (1 kHz); 

Good synchronisation (synchronised to the seed laser pulse)

stability -

the whole charge goes through the undulator (diagnostics easier)



Slicing: current enhancement

A magnetic chicane is placed before the undulator to enhance the microbunching

The energy modulation from the external laser is used to enhance locally the peak 
current; the laser needs to have sufficient energy per pulse

Two lasers are used to depress the adjacent peaks to obtain one clean pulse

One laser seed Two laser seeds



Slicing: current enhancement

Can achieve » 250 as;

109 ppp at 12 keV (a compressed slice of a slice of the bunch is radiating); 

radiation pedestal still present;  

rep rate of the seed laser pulse (1 kHz); 

Good synchronisation (synchronised to the seed laser pulse)

stability -

the whole charge goes through the undulator (diagnostics easier)



Slicing: energy chirp revisited



Slicing: energy chirp revisited

A spike is generated where the slope 
of the energy modulation matches 

the undulator tapering

The pulses still have significant 
fluctuations



Slicing: energy chirp and undulator tapering

Can achieve » 200 as;

1010 ppp at 12 keV (a slice of a slice of the bunch is radiating but tapering 
increases the efficiency); 

radiation pedestal still present;  

rep rate of the seed laser pulse (1 kHz); 

Good synchronisation (synchronised to the seed laser pulse)

stability -

the whole charge goes through the undulator (diagnostics easier)



Ultra short electron bunches: Single Spike
Prepare the electron beam so to send in the undulator an ultrashort electron bunch; 

aggressive reduction of bunch length, 1-10 pC; no space charge;

Can produce few 100 as with GW power level

Diagnostics are difficult; synchronisation is difficult

Lbunch < Lcooperation

Length over which the 
electrons interacts with 

each other via the 
radiation in the undulator

Related to the 
coherence length  



Slicing: single spike

Can achieve » 300 as;

108 ppp at 12 keV (low charge bunch 1-10 pC radiating);

No radiation pedestal still present;

rep rate of the LINAC; 

poor synchronisation (synchronised to the laser of the photocathode, the 
LINAC LLRF may introduce few 100 fs uncertainty; timestamping difficult)

stability not excellent (strong intensity variation seen in numerical 
simulations)

A small charge goes through the undulator (diagnostics difficult)



Energy chirp

An energy chirped electron bunch emits a frequency chirped pulse in the first 
undulator. The pulse from the first undulator is sliced in a monochromator and acts 

as a seed for the second undulator



Energy Chirp

Can achieve < 10 fs; 

109 ppp at 8 keV (a slice of the bunch is lasing, but charge is still large);

radiation pedestal present;

rep rate of the LINAC; 

poor synchronisation (synchronised to the laser of the photocathode, the 
LINAC LLRF may introduce few 100 fs uncertainty; timestamping possible)

stability -

the whole charge goes through the undulator (diagnostics easier)


