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ABSTRACT 

 

We describe a technique by which an energy modulation of electrons via interaction with 

a laser pulse in a wiggler magnet is used for a significant increase of the electron peak 

current prior to entering a long SASE FEL undulator.  This results in a reduction of the 

gain length for the SASE process and a modification of the structure of the output x-ray 

radiation. It also temporally links the output x-ray pulse to the initial laser pulse, thus 

providing an opportunity for accurate synchronization between the laser pump pulse and 

x-ray probe pulse for pump-probe experiments. 

 

PACS numbers: 41.50.+h, 41.60.Cr, 42.55.Vc, 52.59.-f 

 



 

The technique of  Self-Amplified Spontaneous Emission  (SASE) (see [1] and references 

therein ) is a widely acknowledged tool for production of an intense flux of photons with 

several keV photon energies. Two x-ray SASE Free Electron Laser (FEL) projects are 

already in an advanced stage [2]. In this Letter we propose a significant enhancement of 

the electron peak current entering the SASE FEL by using a conventional optical laser 

and demonstrate that this enhancement leads to a considerable reduction of the FEL gain 

length. The timing and duration of the x-ray pulse is also controlled by the timing and 

duration of the optical laser pulse, which makes pump-probe experiments available to the 

SASE FEL with potential for absolute temporal synchronization. Recent success in the 

production of VUV x-ray pulses of an attosecond duration [3-5] has inspired various 

proposals for a production of: i) soft and hard x-ray attosecond pulses using 

ponderomotive laser acceleration [6] or SASE and harmonic cascade FELs [7-9], ii) 

attosecond electron pulses [10]. With our scheme we could also produce a solitary few 

hundred attosecond x-ray pulse.   

 Figure 1 shows a schematic of the proposed technique, which we call Enhanced 

SASE or ESASE.  On the left the electron beam passes the linac and enters a wiggler 

magnet.  At the same time a short ~ 50 fs optical laser pulse enters the wiggler and 

propagates through the wiggler co-linearly with the electrons. The wiggler period wλ  and 

wiggler parameter ( )22/ mceBK www πλ= , where em, are the electron mass and charge, c  

is the speed of light and wB is the peak magnetic field, are chosen such that 

( ) 22 2/2/1 wwwL K γλλ += , where Lλ  is the laser wavelength and wγ  is the relativistic factor 

for the average electron beam energy in the wiggler. The laser pulse overlaps only a short 



longitudinal section of the electron beam in the wiggler. For convenience we call this 

section the working section (WS). Electrons in the WS interact with the laser field and 

emerge from the wiggler with an energy modulation. The peak power of the laser field is 

chosen such that the amplitude of energy modulation significantly exceeds the 

uncorrelated energy spread of the electrons 0γσ .  Next, the electron beam enters a second 

linear accelerator and gains energy to reach the final relativistic factor xγ . This 

acceleration does not affect the energy modulation introduced in the wiggler and does not 

produce noticeable relative longitudinal motion of electrons because of the ultra-

relativistic electron energies. Following acceleration the electron beam passes through a 

dispersive magnetic chicane where higher energy electrons travel a shorter path and 

lower energy electrons travel a longer path. This produces micro-bunching of the 

electrons in the WS and periodic enhancement of the electron peak current. As an 

illustration, Figure 2a shows the longitudinal phase space of the electrons after the 

chicane in a short segment of one laser wavelength. 

 Finally, electrons enter a long undulator with period uλ and undulator parameter 

( )22/ mceBK uxx πλ= , where xB is the peak magnetic field, matched to produce radiation 

at the x-ray wavelength ( ) 22 2/2/1 xxux K γλλ +=  via the standard SASE process.  

 To simplify the analysis of the above described scheme we consider a rectangular 

optical laser pulse with a peak power LP . Generalization to a Gaussian pulse shape is 

straightforward. The amplitude of the electron energy gain/loss in the wiggler wγ∆ can be 

calculated by integration of electron interaction with the laser field along its trajectory in 

the wiggler. When the Rayleigh length of the laser beam equals approximately one 



quarter length of the wiggler and the electron beam size including wiggles of the electron 

beam trajectory is smaller than the laser beam spot size at the focus, then [11]:   

( ) ( )( )2
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2 2/2/33 wwww
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w JJN
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ξξξπγ −=∆  ,    (1) 

where ≈= emcIP AA /2 8.7 GW, AI =17 kA is the Alfvén current, ( )22 2/ www KK +=ξ , and 

10 , JJ are the zero and first order Bessel functions of the first kind. wN  is the number of 

wiggler periods chosen to be either smaller than the number of cycles in the laser pulse, 

or such as to comply with an approximate condition of validity for the above formula, 

namely ≤∆ wwwN γγ /  0.05. 

Following [12], the standard 1D FEL particle equations in the zero gain limit may 

be written as: 

 θν sin2

*
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where uLss /* ≡  is the dimensionless length along the undulator, θ  is the electron phase 

relative to the ponderomotive well, ( ) wwwN γγγν /2 −≡ ,  and wwwN γγ /22 ∆≡Ω  is the 

FEL-equivalent synchrotron tune. Using perturbation expansion of ν  and θ  in powers of 

2Ω <1, one obtains a solution of Eq.(2) at the end of the undulator ( *s =1) through order 

2Ω  (see also [12,8]): 
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where 0ν  and 0θ refer to values at the wiggler entrance. 



 Following interaction with the laser beam in the wiggler, the electron beam is 

accelerated to energy xγ  and passes through a magnetic chicane with a time-of-flight 

parameter 56R . We neglect relative longitudinal motions of the electrons during the 

acceleration, but consider them in the chicane. Although the laser is not present at this 

point it is still convenient to use the electron phase relative to ponderomotive well as a 

definition of electron location in the longitudinal direction. A new phase can be found 

from the following equation (see also [8]): 
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where 00
~ πνθθ +≡ , ( )xLww NR γλγα 2/56≡ , and C is an energy independent path-length 

difference term. Using (4) and presuming a uniform distribution of electrons in 0θ and a 

Gaussian distribution in 0ν with rms value wwN γσσ γν /2 0≡ , one obtains the following 

expression for the WS electron current after the chicane (see also [13]): 

( ) ( )( ) ( )( ) ( )nkznJIzI Bn

n
n cose1221/ 2//122

1
0

22 +Ω−
∞

=

+Ω+= ∑ απαπ   (5) 

where z  is the coordinate along the electron bunch within the WS, 0I is the electron 

current outside of the WS, 0/ γσγ wB ∆= , and Lk λπ /2= . Note that high harmonics with 

( )12/2 2 +Ω=> απBnn c  do not contribute significantly to the sum in (5).  For 1>>n , 

( )nxJ n  reaches maximum at 3/2809.01 −+≈ nx  [14].  We use this fact and the above 

definition for cn  to obtain an empirical value for  ( ) ( )4/4/11122 B++≈+Ω απ  that 



maximizes the value of ( ) 0/0 II . The right hand side of Eq.5 is a Fourier expansion of the 

periodic series of the identical micro-bunches spaced at Lλ : 

( ) ( )( )( )∑ −+=
j

L jzBaBIzI 2
0 /41/e/ λ   with  ( )e/11/1 Ba +=   (6) 

where 718.2e =  is the base of the natural logarithm (not to be confused with a symbol e  

reserved for the electron charge). Each micro-bunch in (6) has width Bz L 2/0 λ=∆ . 

 In the following analysis we consider only the central micro-bunch located within 

the distance 2/|| Lz λ< . However all conclusions drawn for this micro-bunch are 

applicable to the entire WS because of the identical nature of all micro-bunches. 

The increase in the peak current in the WS is accompanied by a corresponding 

increase in the energy spread of electrons. Figure 2b shows the energy distribution of 

electrons taken at three positions along the compressed micro-bunch, marked as a,b,c in 

Figure 2a. Although the distribution functions in Figure 2b are not Gaussian, we still use 

their rms values to characterize the variation of the uncorrelated energy spread of 

electrons as a function of z  near the current peak in the WS using the following 

empirical formula: 

( ) ( )( ) ( )( ){ }ππσσ γγ −∆−+∆+= 8/1
0

8/1
00 /4erf/4erf1/ BzzBzzBaz   (7) 

where ( )xerf  is the error function and 2/|| Lz λ< . 

 Finally, the electron beam goes through a long undulator where electrons inside 

the WS produce enhanced SASE because of the current enhancement. The electrons 

outside of the WS also produce SASE, but have a much longer gain length because of 

their smaller current. We show later that it takes ~ 8 amplitude gain lengths for SASE to 

reach saturation, i.e. approximately 8 GM̂  undulator periods, where GM̂ is the gain length 



expressed in the number of undulator periods at the maximum of the current peak defined 

by Eq.6.  Thus, to avoid gain degradation due to the slippage of electrons relative to the 

light in the undulator, the micro-bunch in the WS should have sufficient length to support 

SASE until the very last gain length, i.e. xGMz λˆ80 ≥∆ . This condition constrains the 

choice of the optical laser wavelength for a given xλ : BM GxL
ˆ16/ ≥λλ . 

 Because of the micro-bunched structure of the electron beam, the x-ray signal 

appears as a series of wN  x-ray micro-pulses separated by Lλ . The upper estimate for the 

FWHM duration of each x-ray micro-pulse at saturation can be written as: 

 ( )( ) cMcMz xGxG /ˆ4/ˆ16/2Ln30 λλτ ≈+∆≈∆     (8) 

where the first term on the right hand side shows narrowing of the x-ray pulse over the 

eight gain lengths caused by the variation of the electron peak current within the electron 

micro-bunch, and the second term shows broadening of the x-ray pulse due to electron 

slippage relative to the light in the undulator. 

We recall that the SASE output from a micro-bunch with a finite length 

0z∆ becomes nearly temporally coherent and Fourier transform limited when 

xGMz λπ ˆ20 ≤∆ as estimated in [15]. This is remarkably close to the lower limit for the 

required micro-bunch length defined by slippage. Thus, it is reasonable to expect in our 

scheme to have a nearly temporally coherent and Fourier transform limited x-ray micro-

pulse produced by each individual micro-bunch.  However, because of the SASE process, 

the carrier phase of the x-ray wave is not stable and changes randomly from one micro-

pulse to the next.  

 The x-ray radiation produced by electrons outside of the WS has significantly less 

intensity because of the longer gain length at a significantly lower peak current. Thus, 



there is absolute synchronization between the chain of the output x-ray micro-pulses and 

the laser pulse since only electrons from the WS, i.e. from the region that experienced 

interaction with the laser, produce intense x-ray’s. This feature can be used in pump-

probe experiments with the x-ray pulse being a probe and a laser pulse or any other signal 

derived from laser pulse being a pump source. Moreover, as soon as the laser pulse is 

shorter than the electron bunch, then by changing the duration of the laser pulse and 

adjusting the number of active wiggler periods one can regulate the length of the WS and 

therefore the duration of the x-ray output. We will return to this feature later in a 

discussion of the generation of intense attosecond x-ray pulses. 

 For illustration of the above described technique we present calculations made for 

a hypothetical x-ray FEL. We use the electron beam parameters that are similar to what 

can be find in [2]: final beam energy of 14.35 GeV, normalized emittance of 1.2 mm-

mrad, xo γσγ / = 0.8x10-4, 0I  =3.4 kA, and consider a TOPAS laser [16] with Lλ =2200 

nm and ≈LP 6 GW for energy modulation.  We choose to energy modulate the electrons 

at 2 GeV and consider a wiggler magnet with 10 periods, wλ =16 cm, and wK = 29 (peak 

magnetic field ~2 T).  We note that the energy modulation at low energy is more 

convenient than at high energy because of the greater length of the wiggler required at 

higher energy.  However if a wiggler with just one period is the goal, as is in the 

application considered later, then the energy modulation at the end of the linac can be a 

preferable option. An additional advantage from the energy modulation at low energy is 

the small energy spread induced in the electron beam by the wiggler magnet itself.  



 From Eq.(1) we obtain xw γγ /∆ =6.4x10-4 and B =8.  For this energy modulation, a 

chicane with ≈56R 0.5 mm provides the required bunching at the laser wavelength. Then, 

using Eq’s (6,7) we plot ( ) 0/ IzI  and ( ) 0/ γγ σσ z  in Figure 3.   

Finally, we consider the SASE process in an undulator with uλ =3 cm and 

xK =3.7 producing x-ray radiation at xλ =0.15 nm. For the Pierce parameter ρ  [17] we 

calculate ≈ρ 8x10-4 for the part of the electron beam inside of the WS and ≈ρ 4x10-4 for 

the part of the electron beam outside of the WS. These results indicate a significant 

reduction of the gain length within the WS. For a more accurate account for the gain 

length we use a 3D model from Ref.18 and the fitting formula derived there. We optimize 

the electron beam focusing in the undulator and find that a beta-function of ≈β  6 m 

yields the shortest amplitude gain length of ≅GM̂ 115 1 for micro-bunches inside of the 

WS and almost four times longer gain length for electrons outside of the WS. Then we 

calculate ( )zM G  for various pairs of ( )zI , ( )zγσ  near the peak of the micro-bunch 

intensity and plot it in Figure 4. We note that without ESASE the optimal beta-function 

is ≈β 20 m and the shortest gain length is ≅GM̂ 275, i.e. almost 2.5 times longer than 

with ESASE. We also note that ESASE allows to reach saturation in the x-ray emission 

at wavelengths shorter than 0.15 nm down to 0.07 nm,  at which point the gain length in 

the WS becomes as long as the gain length without ESASE at xλ =0.15 nm. Using 

ESASE one can also pursue the other goal and relax the requirement on the beam 

emittance to 2.7 mm-mrad, at which point again the gain length in the WS becomes as 

long as the gain length without ESASE and at the emittance of 1.2 mm-mrad. 



We estimate the initial micro-bunching at wavelength xλ =0.15 nm (not to be 

confused with the micro-bunching at 2200 nm discussed previously) from shot noise: 

≈= xGMaBIecb λˆe9/ 00  1.5x10-4 and calculate that approximately eight gain lengths 

will be needed to reach saturation with an assumed maximum bunching b =0.5.  Then, 

using Eq.8, we find that the pulse duration for a single x-ray micro-pulse ≈∆τ 200 

attoseconds. 

       We estimate the peak power at saturation ≈0P 230 GW using the fitting formula 

from Ref.19: ( )GMPP ˆ8/beam0 π≈ , where beamP  is the beam power. The average power 

over the entire sequence of the x-ray micro-pulses is smaller by a duty factor 

≈∆τλ cL / 30.   

The above discussed technique can also be used for generation of attosecond x-ray 

pulses. Similar to [8,9], we employ interaction of electrons in the short wiggler magnet 

with a few-cycle laser pulse with a stabilized carrier wave phase. Laser systems 

producing pulses with a 5 fs FWHM at 800 nm wavelength have been demonstrated 

elsewhere [3, 4, 5, 20, 21].  This pulse with ~0.2 mJ pulse energy interacting with 

electrons in a one-period wiggler magnet produces energy modulation in the WS with a 

relatively rapid variation of the modulation amplitude as shown in Figure 5a. This causes 

a variation of the bunching efficiency of electrons at 800 nm wavelength in the following 

dispersive magnetic chicane and formation of the modulation of the electron peak current 

shown in Figure 5b. Here the central peak is approximately 1.5 times higher the 

neighboring peaks and, therefore, the SASE gain length there is ~ 14% shorter. After the 

eight gain lengths this small difference creates a significant difference in the output 

                                                                                                                                                 
1 An increase of the beta-function to 12 m only marginally increases the gain length to ≅GM̂  125. 



signal where the radiation from the central peak dominates the radiation from the 

neighboring peaks. A contribution to the signal from the electrons outside of the WS is 

negligible because of a much longer SASE gain length there. Thus, we obtain a solitary 

x-ray pulse perfectly synchronized to the modulating laser pulse with approximate pulse 

width of 200 attoseconds as defined above. 

 In summary, we have demonstrated that electron peak current can be significantly 

increased by interaction of the electron beam with a high peak power laser pulse in a 

wiggler magnet prior to entering a SASE FEL.  This shortens the FEL gain length and 

increases the peak power of x-ray radiation which comes out from the FEL as a sequence 

of x-ray micro-pulses. Each micro-pulse in this sequence is nearly temporally coherent 

and Fourier transform limited and has width on the order of a few hundred attoseconds. 

However, the carrier phase of the x-ray wave is not stable and changes randomly from 

one micro-pulse to the next. The duration of the entire sequence of micro-pulses can be 

controlled by adjusting the duration of the optical laser pulse and the number of active 

wiggler periods. In effect it can be made as short as a single x-ray micro-pulse by 

employing a few cycle laser pulse and a wiggler magnet with one period. There is 

absolute synchronization between the laser pulse and the x-ray signal, which can be used 

in pump-probe experiments. 

 Following the original proposal described in this paper, more studies were carried 

out and summarized in [22]. A particular consideration there were given to wake-field 

effects caused by a propagation of the electron micro-bunches with a high peak current 

through the undulator with a narrow-gap vacuum chamber. It was demonstrated, albeit 

preliminary, that those effects do not degrade the performance of the ESASE.   
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Figure 1. (Color online) A schematic of ESASE x-ray FEL.  

 

 

 

Figure 2  (Color online)  a) Longitudinal phase space after the chicane showing microbunching of electrons 

and an enhanced electron density.  Only a part of the WS equivalent to one optical cycle at the laser 

wavelength is actually shown. b) The histograms of the energy distribution of electrons after the chicane 

taken along the lines a,b,c in Figure 2a.  

 

 



 

 

Figure 3 (Color online) Normalized peak current  a) and energy spread b) versus distance within 

the micro-bunch. Dots show computer simulation results while the solid line was obtained with Eq.s 6 and 

7.  

 

Figure 4. Gain length at various distances within the micro-bunch calculated using fitting formula from 

Ref.18. 

 

Figure 5. Energy and peak current modulations produced in interaction with a few-cycle laser pulse. Only a 

part of the electron bunch affected by the interaction is shown.  

 




