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Abstract 
The FEMTO beam line at the Swiss Light Source 

(SLS) produces short X-ray pulses through energy 
modulation of the electron bunch by a fs-laser. An 
analytical model describes the laser-beam interaction, the 
propagation of the electrons leading to a temporal 
modulation of electron density, and the spectra of 
radiation emitted in a dipole magnet. A Fourier 
transformation technique is used to determine the 
coherent part of the radiation in the THz-range. For a 
Gaussian bunch the results are compared to tracking 
simulations.  

INTRODUCTION 
The FEMTO facility [1, 2] in the SLS storage ring 

produces 140 fs (FWHM) pulses of X-rays in the energy 
range of 3–18 keV. Inside a wiggler magnet, a laser pulse 
of 50 fs (FWHM in power) resonantly modulates 
electrons of a correspondingly thin slice of the bunch in 
energy. A magnetic chicane bracketing the wiggler 
translates the energy modulation in a horizontal 
separation, so synchrotron radiation from thus created 
“satellite bunches”, emitted in a subsequent in-vacuum 
undulator, can be separated from the “core” bunch 
radiation by a suitable set of apertures in order to extract 
the short X-ray pulse. The temporal modulation of the 
electron density in the bunch leads to emission of 
coherent radiation in the THz-range, which is extracted 
from a subsequent bending magnet and used for 
diagnostics of the slicing process [3,4]. 

ENERGY MODULATION 
The energy modulation within an electron bunch 

propagating in a wiggler magnet at the presence of laser 
field is determined by the oscillating single electron 
interaction with the laser field. We assume that the 
electron motion in a planar wiggler is conditioned by the 
vertical magnetic field in the mid plane )cos(0 zkBB wy = , 

where wwk λπ /2=  and wλ  is the wiggler period.  We are 
interested in the average effect of the laser-electron 
energy exchange per wiggler period. The energy gain (or 
loss) of an electron with longitudinal position s with 
respect to the bunch centre (s = 0) in a horizontally 
polarized laser field xE  propagating with the electron 
bunch along the planar wiggler axis z  is given by 
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where γ  is the relativistic factor, 0, me  are the electron 
charge and mass, c  is the velocity of light, and 

cvxx /=β  with xv  the horizontal velocity of the 
electron. The electron transverse and longitudinal 
velocities in a wiggler are given by [5] 
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with cmkeBK w 00 /=  the wiggler deflection parameter, 

0B  the peak magnetic field, zβ  the electron average 

normalized velocity along the wiggler and tcz zβ= . 
Assuming the waist point of the propagating laser field 

in the middle of the wiggler magnet and taking into 
account the laser field amplitude and phase modulation 
along the wiggler (Guoy phase), the electric field 
experienced by the electrons of the bunch is given by [6] 
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where Lk  is the laser wave number,  2/2
0akz LR =  the 

Rayleigh length, 0a  the laser waist size,  

)arctan(0 Rzz−=ψψ ,  0ψ  is the phase of the wave at 
the interaction origin with respect to the bunch centre, 

pssctzu −+−= , ps  is the distance between the bunch 

center and the maximum of the laser pulse at the wiggler 
entrance, Lσ  is the laser pulse rms length.   

We assume that the laser wavelength and electron 
design energy   satisfy the resonance condition 

)2/1(2 2
0 Kkk Lw +=γ , i.e. the electron is retarding by 

one laser wavelength in one wiggler period so that  

ctkctzk wL
2
0

2 )( γγ −=− . For small energy spread 

( 1/ 0 <<Δ γγ ) in the electron beam and  Lw kk <<  we get 

zkctzk wL −=− )( , and eq. (1) is read as 
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For a relatively short wiggler we can neglect the term 
22 / Rzz . In this case from eq. (4) for the relative energy 

modulation one can obtain: 
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where P(s) is the energy modulation envelope given by 
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Here WN  is the number of wiggler periods, 

LLLN λσ /=  is the number of optical cycles in the laser 

pulse, )(xerf  is the error function, sp is the location of 
maximum laser field at the beginning of interaction, and 
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Figure 1: The electron relative energy modulation and the 
envelope P(s) after laser-beam interaction 

 
From eq.(6), location and amplitude of the maximum 

energy modulation can be obtained: 
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It follows, that the maximum of the energy modulation 
coincides with the bunch centre ( 0=s ) if the laser pulse 
maximum is delayed by cs p /  with respect to the electron 

bunch centre, where  LWLp NNs 2/σ−= . 

COHERENT THZ SPECTRA 
The coherent part of the synchrotron radiation in a 

bending magnet is given by 

)()()( 22 kFkPNk eb≅Ρ ,  (9) 

where bN  is the number of particles in the bunch, )(kPe  
is the radiation spectral intensity of a single electron and 

)(kF  is the bunch form factor given through the Fourier 
transformation of the normalized longitudinal electron 

distribution as ∫= dsiksskF )exp()()( ρ . 

  Only electrons from a rather thin slice in the center of 
the bunch will be modulated in energy by interaction with 
the laser pulse. In order to obtain a smooth model for 
further multi particle tracking and analytical modeling, 
we may superimpose three groups of particles:  

a) The electrons of the central slice, which are partially 
modulated in energy 

b) A copy of these electrons, but with opposite charge 
and no modulation (i.e. only with the natural rms 
uncorrelated energy spread Eσ ) here called “positrons” 

c) The static core bunch of rms length zσ and energy 

spread Eσ . 
Obviously, the spectra of the three particle distributions 

can be superimposed: )()()()( kFkFkFkF pecb −+= . 

Since the core bunch has Gaussian distributions, the 

spectrum is simply given by ( )2/exp)( 22
zcb kkF σ−= . For 

the SLS storage ring, the bunch rms length is about 1 cm, 
and the core beam signal is in the order of 

( )25exp)( −≈kFcb , so the core beam does not contribute 

to the coherent THz spectrum, i.e. )()()( kFkFkF pe −≅ . 

Since the interaction length zLsL σσ <<≅ 32 , the 
form factor of the “positron” bunch at the bending magnet 
is given by 
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where )2/exp( 22
56

2
0 EmkF σ−= , 5655 ,mm  are the elements 

of the transport matrix between the exit of the wiggler and 
the point of interest, i.e. the  magnet. 

To obtain the form factor for energy modulated electron 
bunch we first have to obtain the longitudinal distribution 
of the bunch after passing the FEMTO line [7]: 
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where )(sLδ  is the energy modulation of the electrons 
given by eq. (5) . Assuming optimum matching between 
electron bunch and laser pulse according to eq. (8) makes 
P(s) an even function. Thus the final Fourier 
transformation of the modulated electron bunch is 
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where [ ]ξ0J  is Bessel’s function of zero order. The total 
Fourier transform of the modulated electron and the 
corresponding “positron” bunches is given by 
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The fast oscillating term )cos( skL , which should be 
included according to eqs. (5,11), has not been taken into 
account in order to derive eq. (13), but the difference is 
marginal. Fig. 2. shows the resulting spectra when the fast 
oscillating term is included (red line) and when it is 
neglected (blue line): 

 

Figure 2: The  radiation spectrum. 

The function P(s) may be approximated by a 

rectangular envelope of width Ppl σ3= , where Pσ  is 

the rms length of P(s) calculated as 

( )22 61 LWLP NN+= σσ .   (14) 

Then for the height of the rectangular impulse we get 
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In this approximation, the form factor is given by 
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with plkm55=ξ . The peak of spectral intensity occurs at 

the characteristic frequency maxk  that depends on the 
maximum laser induced energy spread Pmax  given by (8). 
Fig.3 presents the dependence of the characteristic 
frequency on P0 . 

For small P0 the function is well approximated by the 
Gaussian distribution, for large P0 the characteristic 
frequency has hyperbolic dependence given by 

012max56 / Pkm ν= , where 12ν  is the second zero of the 
first order Bessel function. 

 

Figure 3: The characteristic frequency versus P0. 

The analytical result for the coherent spectra was 
compared with spectra calculated from particle tracking. 
We generated a group of particles with energy modulation 
at the exit of the wiggler, tracked them to the radiation 
point and obtained the radiation spectrum. The 
comparison is shown in Fig. 4. 

 

Figure 4: The coherent spectrum: analytical calculation 
(blue line) and particle tracking simulation (red line). 

SUMMARY 
Analytical expressions have been derived for the 

dependence of an electron’s energy change on its 
longitudinal position in the laser field, and for the 
envelope of the energy modulation over the bunch.  

Using these formulae we obtained the relation how the 
wave number at the maximum of the coherent THz-
spectrum depends on the maximum energy modulation in 
laser-beam interaction. 
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