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This article presents the concept of an all-dielectric laser-driven undulator 

for the generation of coherent X-rays. The proposed laser-driven undulator 

is expected to produce internal deflection forces equivalent to a several-

Tesla magnetic field acting on a speed-of-light particle. The key idea for 

this laser-driven undulator is its ability to provide phase synchronicity 

between the deflection force and the electron beam for a distance that is 

much greater than the laser wavelength. The potential advantage of this 

undulator is illustrated with a possible design example that assumes a 

small laser accelerator which delivers a 2 GeV, 1 pC, 1 kHz electron 

bunch train to a 10 cm long, ½ mm period laser-driven undulator. Such an 

undulator could produce coherent X-ray pulses with ~109 photons of 64 

keV energy. The numerical modeling for the expected X-ray pulse shape 

was performed with GENESIS, which predicts X-ray pulse durations in 

the few-attosecond range. Possible applications for nonlinear 

electromagnetic effects from these X-ray pulses are briefly discussed. 
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I. INTRODUCTION 

Generation of ultra-short pulse radiation at ever-smaller wavelengths is rapidly gaining 

interest in many branches of the basic and applied sciences. Free Electron Lasers (FELs) 

that rely on Self-Amplified Spontaneous Emission (SASE) appear to be especially well-

suited to this end. The concept of self-amplified spontaneous emission free-electron laser 

radiation (SASE-FEL) was first explored in 1984 [1].  The SASE-FEL is a single-pass 

process where the electron beam interacts with its very own produced undulator radiation 

field and under certain conditions amplifies the co propagating electromagnetic wave to 

saturation. This process does not require cavity mirrors or other optics and therefore is 

ideally suited to produce radiation at wavelengths for which low-loss optics are not 

possible to manufacture. SASE-FEL devices have been demonstrated in the near-infrared 

[2] and in the UV [3], and near future SASE-FEL facilities like the Linear-Coherent 

Light Source (LCLS) [4] or the X-Ray Free-Electron Laser (XFEL) [5] will produce 

coherent femtosecond time-scale X-rays at rλ ~ 1Å wavelengths.  

 

The ability of free electron lasers to produce short wavelengths lies in the Doppler shift 

of the electromagnetic radiation from the relativistic electrons traversing the undulator 

when observed from the laboratory frame. The center wavelength rλ  of FEL depends on 

the kinetic energy of the electron and on the undulator period uλ , and for weak 

undulators is approximately given by 22~ γλλ ur , where γ is the time dilatation 

constant that is proportional to the kinetic energy for relativistic electrons. Typical 

conventional permanent magnet undulators have periods on the order of 1 cm or longer 

and hence require multi-GeV electron beams to reach the desired X-ray wavelengths. 
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Therefore, RF-accelerator driven X-ray FEL facilities will have a total length on the order 

of one kilometer. 

 

Although the realization of an integrated all-laser-driven particle accelerator still lies in 

the future the possibility for employing such an accelerator for a SASE-FEL device is 

interesting to explore. A few-meter long laser accelerator is expected to provide a GeV 

energy electron beam into an undulator and due to optical bunching at near-infrared 

wavelengths the electron pulse structure could provide attosecond time-scale radiation. 

To take advantage of such an accelerator a matching compact high-strength undulator 

would be highly desirable. In this article we explore a possible laser-driven undulator 

structure that produces significantly larger deflection forces than those attainable with 

permanent magnets. The result is a predicted enhancement of the FEL growth rate that 

allows for very a short undulator.  

 

II. THE PROPOSED LASER-DRIVEN SASE-FEL SYSTEM 

In essence, a SASE-FEL system consists of three components: an electron injector that 

produces a train of free-electron bunches, a particle accelerator that boosts them to high 

kinetic energies, and an undulator that causes the bunches to produce electromagnetic 

radiation. We envision a SASE-FEL system that is entirely composed of dielectric based 

microstructures, from the electron injector to the undulator. Figure 1 illustrates the 

conceptual layout for an all-laser driven free electron radiation source. One of the main 

differences to conventional free-electron lasers is the use of a modelocked laser instead of 

a klystron to drive the electron beam. The modelocked laser source provides a higher 
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pulse repetition rate and a wavelength that is shorter by about 4 orders of magnitude, 

which is a key condition for the possibility of electron bunches with durations in the 

attosecond range. In spite of the relatively low electron bunch charges expected from 

laser particle accelerators the predicted attosecond electron pulse structure will allow for 

high peak currents that are required for an effective, short-undulator FEL. 
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FIG. 1. Schematic of a possible tabletop laser-driven SASE-FEL system 

 

A final characteristic of the proposed system is its potential for a moderate power 

requirement. Depending on the laser-accelerator geometry the coupling efficiency from 

the laser to the electron beam is on the order of ~5% [6]. Assuming a worst-case coupling 

efficiency estimate of one percent and a maximum bunch charge of 1 pC a kHz repetition 

rate GeV electron beam requires on the order of 100 W of optical power. This output 

optical power lies well within reach of existing tabletop ultra-stable laser oscillators 

followed by moderate laser amplification stages.  Laser systems with a ten-percent 
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wallplug efficiency or better are commonplace, and therefore a kilo-Watt electrical power 

FEL system that relies on the proposed components is conceivable. 

 

Extensive research on laser driven electron sources and dielectric laser-driven 

accelerators is being pursued for a number of different applications. Laser-driven field 

emission tips offer the possibility of an ultra-low emittance, high brightness free-electron 

source [7,8]. Present research of field emission cathodes in rf electron guns suggests the 

possibility for reaching 10-9 m-rad normalized emittance [9]. The potential of GeV/m 

acceleration gradients from dielectric laser-driven particle accelerators was realized early 

on [10] and subsequently different microstructure-based architectures have been 

investigated [11,12,13,14,15,16].  Although an integrated laser-driven microstructure 

accelerator does not exist at the present time the physical process of linear laser-driven 

particle acceleration in vacuum has been observed [17] and several different dielectric 

accelerator microstructure prototypes will be tested with a relativistic electron beam in 

the near future [14,18,19]. E. Colby and P. Musumeci [20] have prepared concise review 

on the recent progress and of the future challenges for structure-based laser-driven 

particle accelerators. 

 

In this article we first describe the envisioned architecture of laser-driven particle 

deflection and how this principle can be employed to devise an effective undulator 

structure. Next we present a specific undulator design powered by a laser-driven particle 

accelerator beam with a set of desired electron beam parameters and estimate the 

expected output FEL X-ray pulse.  
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III. THE OPERATION PRINCIPLE OF THE LASER-DRIVEN UNDULATOR 

The key aspect of the proposed laser-driven undulator is the maintenance of phase 

synchronicity between the electromagnetic field and the traveling particle, which is 

designed to extend for a distance that is much larger than the wavelength of the driving 

electromagnetic wave. Such a condition decouples the laser wavelength from the 

undulator period and hence allows for use of near-infrared, high peak power laser beams 

that drive undulators with arbitrarily long periods.  

 

The extended synchronicity condition can be accomplished by introducing a periodic 

phase modulation of the electromagnetic wave near the particle trajectory. A plane 

electromagnetic wave is launched orthogonal to the particle beam and the periodic phase 

modulation is introduced by the near field structure. This concept for introducing 

extended phase-synchronicity has been explored for a resonating laser-accelerator 

structure [13] and subsequently for a non-resonant laser-accelerator structure [14]. The 

symmetry of these accelerator structures does not allow for a synchronous deflection 

force that can act on the particle beam over several structure periods. However, as 

described in Appendix A, a configuration where the periodic structure is oriented at an 

angle to the electron beam satisfies phase synchronicity with a non-zero deflection force 

acting on a speed-of-light particle. Figure 2 shows the configuration that includes the 

oblique orientation between the structure and the electron trajectory. It can be shown that 

in such a configuration the average deflection from the transverse electric field and the 

average deflection from the magnetic field component do not fully cancel each other. 
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When the structure is powered with an ultra-short pulse laser beam, the incident 

electromagnetic wave has to have a pulse front tilt angle ψ  such that αψ csctan =  to 

maintain extended phase synchronicity with the particle beam [21].  
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FIG. 2. Diagram of the proposed laser-driven deflection structure. The 

electron beam is propagating in the y′ direction and the electromagnetic 

wave is polarized in the yz plane. 

 

As shown in Figure 2, λ represents the center wavelength of the laser and pλ is the period 

of the structure. At synchronicity the structure period and the laser center wavelength are 

related by αλλ cos=p .  When this condition is satisfied we can define the average 

deflection gradient as 

 

( ) ( ) ( )( )∫ ⊥⊥⊥⊥ ×+==
p

dytrBvtrEtrqFG
p

λ

λ 0

,,1, rrrrrrrr
     (1) 
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where E
r

 and  B
r

 are the electric and the magnetic from the laser sampled by the particle.  

As shown in equation 1 the deflection depends on both the transverse electric and 

magnetic field components.   

 

To form an undulator from the laser-driven deflection structure a phase shift of π has to 

be added to the laser plane wave every  structure periods, such that the effective 

undulator period is

uM

λλ uu M2= . This type of condition reverses the direction of the 

deflection force once every structure periods. Since the undulator period is much 

longer than the laser wavelength the π−phase shift can be introduced in the far-field by 

external optical elements, or it can also be included as part of the MEMs structure.  

uM
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FIG. 3. Schematic of two possible external π-phase shift methods. (a) 

With an external optical phase shifter. (b) With a MEMs based fixed-

distance delay element printed on the structure 
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Figures 3a and 3b show a schematic of the two possible phase shift schemes. Introduction 

of the phase shift by an optical element as shown in figure 3a in the far-field allows for 

flexibility in the choice of the undulator period length. For example, an electro-optic or 

even liquid-crystal device could allow for a programmable undulator period without 

having to replace the laser-driven deflector structure. The near-field permanent optical 

delay approach shown in Figure 3b may not have this flexibility but is more robust and 

may be better suited for high laser peak powers and the radiation environment. The most 

convenient approach will ultimately depend on the application in question. Topologically 

the proposed laser-driven undulator structure bears some resemblance to the permanent-

magnet micro- wiggler structure [23] or to the grating based free electron laser concept 

[24,25]. The fundamental difference is that the functionality of the binary step surface of 

the vacuum channel is to provide phase synchronicity of the laser wave with the particle 

while the undulator period is provided by the external π-phase shifter. A variety of other 

micro-undulator schemes that rely on a completely different deflection mechanism than 

described here, such as magnetoresonance based [26], or crystalline based 

microunduators [27] have been investigated.  

 

IV. A CRYSTAL QUARTZ BASED LASER-DRIVEN UNDULATOR 

A specific structure example that delivers a significant deflection gradient is discussed in 

this section. Although crystal quartz may not be the ultimate material of choice for this 

application its nanofabrication technology is well developed and hence it is potentially an 

ideal test substrate for the conceptual ideas explored here. Quartz has an index of 

refraction of 1.58 at 800 nm. For simplicity we consider a geometry with a grating tilt 
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angle =α 20° and a grating duty cycle of ½ and a vacuum channel width of λ4.0 , as 

shown in Figure 4. Numerical evaluation of the fields inside the vacuum channel by FD-

TD was employed to determine the deflection gradient with equation 1. For the given 

parameters the optimum pillar height that yields the maximum deflection gradient 

laserTE EG 15.0~,⊥
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FIG. 4: a) map of  in one structure period produced by a TE wave. 

The pillar height  is 

( yxEz , )

l λ6.0  while the vacuum channel width w is λ4.0 . 

The white arrow indicates the direction of the incident plane wave. b) the 

peak electric field amplitude at the structure surface at the narrow channel 

region between corner points U and V.  

 

Figure 4a shows a grayscale map of ( )yxEz ,  from a TE wave in one structure period at a 

particular instant, and Figure 4b shows the peak amplitude of  at the surface of the 

pillar at the narrow region of the vacuum channel between the corner points labeled U 

and V. The peak electric field is located at the center region of the pillar surface and is 

about twice the input laser amplitude; 

zE

laserEE 2~max .  The field amplitude near the 
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corner points U,V is only about a third of maxE . The lower optical field value near the 

corners is desirable since the laser breakdown threshold at a sharp edge is lower than that 

at the flat region. When expressed in terms of the local maximum surface field illustrated 

in Figure 4b, the average gradient for the TE mode is max, 07.0~ EG TE⊥

r
. The surface 

dielectric breakdown strength from ultra-short laser pulses with <τ 1 psec has been 

observed to break the 21τ  dependence seen with longer pulses and to remain near 1-2 

J/cm2 [28,29]. Hence the maximum peak electric field at this fluence from a 10 fsec laser 

pulse is approximately GV/m 25~maxE , which leads to a maximum deflection gradient 

GV/m 2~,TEG⊥ . Taking into account further effects like beam loading and structure 

imperfections a deflection gradient of GV/m 1~⊥G  is a more realistic and conservative 

estimate. This deflection gradient corresponds to an equivalent magnetic deflection force 

of ~3T on a speed-of-light particle. With the expected deflection gradients it is very 

natural to consider replacing a permanent magnet based undulator with this type of laser-

driven structure. Here the deflection strength is dependent on the optical phase, and a π-

phase shift reverses the direction of the deflection.  

 

V. THE EXPECTED FEL GAIN FROM THE LASER-DRIVEN UNDULATOR 

The key parameters that determine the FEL amplitude growth rate of an undulator are its 

deflection strength and the electron peak density . In a planar undulator carrying a 

magnetic field  the steady-sate one-dimensional small-signal growth rate  for the 

electromagnetic wave intensity has the form [30] 

en

0B Λ
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The lower emittance and the attosecond pulse structure from a laser-driven particle 

accelerator are the two key expected traits that can lead to an enhanced peak electron 

density  and hence to a larger FEL gain. Since the structure-based laser-driven particle 

accelerators operate in the same fashion as RF linear accelerators they are expected to 

display a similar energy spread 

en

γγΔ on the order of a fraction of one percent. 

Furthermore since the wavelength of the driving electromagnetic field is reduced by four 

orders of magnitude their electron bunch duration is expected to scale down to a few 

attoseconds. The transverse invariant emittance supported by structure based laser-

particle accelerators has been predicted to be capable of reaching emittance values on the 

order of 10-9 m-rad or lower [13,31]. The bunch charge from laser-driven accelerators is 

estimated from beam loading considerations, and there is a wide range of expected bunch 

charge values that depends on the specific accelerator geometry. For example, photonic 

bandgap waveguide based accelerators have a very small vacuum channel area and are 

expected carry ~1fC per bunch [32] while proposed transverse laser-pumped planar 

accelerator structures have a larger area vacuum channel and can therefore could 

potentially carry close to one pC per bunch [14]. We begin the analysis with 1 pC per 

bunch and later study the effect of lower bunch charges on the expected X-ray 

generation. GENESIS [33] is employed to model the FEL growth from the electron beam 

produced by the laser-driven accelerator. For simplicity a round electron beam profile is 

assumed. The electron spot size and focusing were optimized for the most rapid FEL 

growth in the undulator. The optimum electron beam focusing parameters correspond to a 
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spot size of 180 nm and a focusing element every 50 undulator periods. The electron 

beam parameters desirable for a laser-driven FEL system and employed in GENESIS are 

summarized in Table I. 

 

Assumed electron beam parameters 

Beam energy 2 GeV 

Transverse emittance 10-9 m-rad  [31 ] 

Energy spread  0.5% 

Bunch duration 5 attosec 

Bunch charge 1 pC  [14] 

Spot size 180 nm 

 

Table I: Theoretical electron beam parameters from a laser-accelerator 

 

To illustrate the advantage of the proposed laser-driven undulator over a permanent 

magnet undulator we first consider an example where the 2 GeV electron beam with the 

parameters of Table I is directed into a conventional permanent magnet undulator with a 

maximum field T~ 2
1

0B . We assume an undulator period of uλ = ½ mm, which is 

unusually short for permanent magnet undulators and produces an undulator strength 

. However, as discussed later, the strong deflection force expected from a 

laser-driven undulator produces  and therefore allows for the consideration 

of sub-mm undulator periods.  The combination of 

2103.2~ −×K

1109.1~ −×K

uλ = ½ mm and a 2 GeV beam energy 
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result in a predicted SASE-FEL wavelength of rλ ~ 0.2 Å corresponding to a photon 

energy of ~64 keV.  

 

Figure 5a shows the growth of the number of photons in the X-ray pulse versus the 

distance traveled by the electron beam inside the permanent magnet undulator. Figure 5b 

shows the corresponding time profile of the photon pulse at locations A,B,C and D inside 

the undulator. It can be appreciated that beyond ~1.0 m of undulator there is no sizeable 

increase in the photon number and that due to field slippage the pulse duration increases 

significantly. The passage of the electron beam through each undulator period introduces 

a time slippage between the electron and the FEL field of crr λτ = . For an undulator 

with  periods this adds up to a total time slippage uN cN rur λτ = , and for 2000 

undulator periods this corresponds to ~110 attoseconds. This accounts for the pulse 

duration shown for trace C and the further stretching observed of trace D.  
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FIG. 5. (a) Growth of the photon field in a permanent magnet undulator of 

period uλ = ½ mm and magnetic field 0B = ½ T. (b) Time profile of the 

power of the X-ray pulse at locations A,B,C and D in the undulator. 
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The predicted X-ray traces in Figure 5b imply a very large undulator radiation 

component. Earlier reported work on the performance of such a permanent magnet 

undulator with laser-driven electron beam with one-dimensional simulations showed a 

significantly stronger FEL gain than that shown in Figure 5 [34]. Clearly the transverse 

emittance and the diffraction of the FEL field play a significant role in the degradation 

predicted be the three-dimensional model. As seen in Figure 5a, a maximum of only ~105 

photons are produced by the bunch. Treating this photon number output as an effective 

saturation we estimate an FEL parameter 610~~ −× kinphotonphotoneff EENρ , where  

is the total kinetic energy of the 1pC, 2 GeV electron bunch and  is the energy of 

the individual X-ray photon. Therefore a permanent magnet micro-undulator is not 

effective to generate SASE-FEL from an electron beam with the parameters of Table I. 

Furthermore fabrication of such an undulator does not appear feasible. While individual 

~1T surface field permanent magnets are commercially available, a few meters of such ½ 

mm long undulator periods correspond to thousands of such individual micro-magnets 

that would require separate alignment. To the author’s knowledge there is no efficient 

permanent-magnet micro-fabrication technique for sub-mm domains with the desired 

peak field strength of ~1 T. 

kinE

photonE

 

To contrast this shortcoming we analyze the performance of an equivalent laser-driven 

undulator powered by the same beam with parameters from Table I. A 1 GV/m deflection 

with uλ = ½ mm corresponds to an undulator strength . Figure 6a shows the 

photon number of the X-ray pulse versus distance at optimum focusing parameters in a 

1109.1~ −×K

15 



laser-driven undulator and Figure 6b shows the corresponding predicted output photon 

pulse shape at locations A,B,C and D inside the undulator. For the laser-driven undulator 

the gain is so large that the pulse profiles in Figure 6b are shown on a logarithmic scale. 

Inspection of Figure 6a reveals that there is a clear exponential growth of the photon 

number having the form GLyy
photon eeN ≡∝ Λ  where the gain length  is defined as the 

inverse of the growth rate Λ and is about 7 mm. This translates to an effective FEL 

parameter 

GL

( )effGueff L ,34 πλρ =  of . This value for an FEL parameter 

predicts a total photon flux 

3103~ −×effρ

photonkineffphoton EEN ×= ρ  . The values of  and  

are the same as in the previously analyzed case of the permanent magnet undulator and 

thus the FEL parameter predicts a photon saturation number . Figure 6a 

shows agreement with this saturation number estimate.  Finally, the FEL field mode size 

predicted from this FEL parameter value is 

kinE photonE

910~photonN

nm 150~4~ πρλλσ effruFEL . This value 

is consistent with the electron spot size of 180 nm employed in the GENESIS simulation 

corresponding to the traces in  Figure 6.  

 

The saturation energy from photons corresponds to 10 μJ of X-rays per electron 

bunch. Therefore a dielectric based laser-driven undulator appears to be feasible for the 

effective production of high peak power X-ray pulses. Furthermore the very short gain 

length allows for few-attosecond coherent X-ray pulses. However, one potential 

limitation of a laser-driven undulator is the very narrow vacuum channel that could lead 

to clipping of the diffracting FEL field and consequently to a reduction in gain. It 

910
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becomes therefore important to verify that the FEL growth rate outdoes the loss rate from 

clipping.  
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FIG. 6. (a) FEL amplitude growth in a laser-driven undulator of period 

uλ = ½ m and deflection gradient GV/m 1=⊥G , equivalent to a 

magnetic field 0B = 3 T. (b) Evolution of the time profile of the FEL at 

points A,B,C and D inside the undulator. 

 

Table II includes a set of parameters that allow for an estimate of the FEL field 

diffraction and also identify the expected FEL operation regime. The Rayleigh range of 

the FEL beam and divergence angle in Table II are estimated from the FEL wavelength 

and from the assumption of a Gaussian FEL field profile initially matched to the spot size 

of the electron beam at the input of the undulator. At the selected Ti:Sapphire laser 

wavelength of 0.8 μm the laser-driven undulator has an aperture of ~½ micron. With the 

divergence angle of the photon beam specified in Table II clipping of the wings of the 

FEL field begins to occur after 2 cm of propagation, which is much longer than the gain 

length. Hence the loss from clipping is not expected to play an important role. However 

17 



for the upcoming low-bunch charge examples analyzed in the next section the FEL gain 

length is much longer and loss of the FEL field from clipping may become an important 

factor to consider.  

 

Parameter Value 

Optimum electron spot size 180 nm 

Electron density 1.6 x 1023  cm-3

Beam plasma frequency  3.6 x 1014 Hz 

Photon Rayleigh range 5 mm 

Photon beam divergence angle 30 μrad 

 

Table II: Optimum electron beam and the corresponding optical field parameters  

 

The modeled FEL processes in Figure 5 and 6 include space charge. To illustrate the 

effect of space charge Figure 7 shows the expected  SASE FEL pulses in a laser driven 

undulator of period uλ = ½ m and deflection gradient GV/m 1=⊥G  with space charge 

turned off (trace A) and turned on (trace B). It can be observed that while there is 

degradation of the predicted FEL amplitude growth from space charge it is not severe, 

and that this shortcoming can be compensated with a slightly longer undulator. The few-

attosecond pulse structure is not severely affected by space charge.  
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FIG. 7. (a) FEL amplitude growth for an electron bunch with parameters 

of table 1 in a laser-driven undulator. The solid line includes space charge 

while the dashed line does not. (b)  FEL temporal pulse profiles for traces 

A and B at the undulator location where they generate 108 photons per 

pulse 

 

The minimal effect of space charge predicted by GENESIS is in agreement with the 

chosen set of parameters belonging to the Compton regime.  The condition for operation 

for this FEL operation regime [35] is satisfied when 

 

23
21 16

1 K
ck z

u

p γ
γ

ω
<<          (3) 

 

where pω  is the plasma frequency, uuk λπ2= , is the undulator strength, and 

since for the laser-undulator . With the parameters of Tables I and II the 

left hand side of equation 3 is 

K

γγ ~z 19.0~K

5.1~21γω up ck  while the right hand side is 
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823 10~16Kγ , confirming that with the given electron beam parameters space charge 

plays no major role. Furthermore, the electron beam plasma frequency listed in Table II is 

much smaller than the critical plasma frequency  Hz10~~ 16223
uc cK λγω .  

 

VI. FEL GAIN FROM ULTRA-LOW BUNCH CHARGES 

As stated earlier the optimum charge per bunch depends on the specific laser accelerator 

architecture, and for some proposed structures the estimated bunch charges are as low as 

1 fC.  With the wide range of possible bunch charges it becomes important to analyze the 

effect of bunch charge on the ability to produce X-rays from the proposed laser-driven 

undulator. Figure 8a shows the predicted FEL growth with the electron beam parameters 

of Table I and different bunch charges versus undulator length. As expected, both the 

FEL growth rate and the maximum number of photons suffer a dramatic decrease from 

the reduction of bunch charge.  
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FIG 8:  a) FEL pulse energy growth in a laser-driven undulator with a 

deflection gradient GV/m 1~⊥G  for various electron bunch charges. b) 

Comparison of the temporal profile of the radiation between a 10 fC and a 

50 fC electron bunch after 400 undulator periods. 
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For bunch charges below 20 fC the undulator radiation component becomes comparable 

or larger than the FEL amplification. Figure 8b illustrates this by comparing the pulse 

profiles for a 10 and a 50 fC electron bunch normalized to their peak values. The 50 fC 

bunch still shows a clear SASE-FEL pulse with exponential gain after 400 undulator 

periods while the X-ray output from a 10 fC bunch is reduced to mostly undulator 

radiation with only a very moderate amount of gain. With the given set of undulator 

parameters production of significant coherent FEL radiation from bunch charges below 

10 fC does not appear feasible. Therefore, the development of a high bunch charge 

structure will be important if coherent X-ray generation with laser-driven particle 

accelerators is to become feasible. 

 

VII. POSSIBLE APPLICATIONS 

The very short expected X-ray pulse duration from the described laser-driven FEL system 

is expected to lead to very large peak electric fields and consequently to the possibility of 

nonlinear optical applications with moderate pulse energies. As shown in Figures 7b and 

8a a 1 pC electron bunch charge is expected to produce X-rays with ~109 photons per 

FEL pulse with a duration below 10 attoseconds, corresponding to a peak power close to 

1TW and to a peak electric field of ~1014 V/m. Depending on the produced photon 

energy the application of such field amplitudes on matter could lead to the study of 

nonlinear optical processes involving the core electrons such as proposed for coherent 

Raman spectroscopy [36]. Furthermore, the ultra short pulse durations potentially allows 

for unprecedented time resolution in pump-probe experiments such as those presently 
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carried out with soft X-rays from high-harmonic generation to study electron transfer 

dynamics [37].  

 

The possible application of near-future conventional X-ray FEL facilities for electron-

pair production and other nonlinear vacuum polarization and nuclear processes has been 

considered [38,39]. The adaptation of the low-power tabletop FEL design presented here 

to higher photon energies could lead to a unique high-energy physics machine that 

features relatively compact dimensions. Furthermore, the ability for the control of the 

polarization of the FEL pulse and the high repetition rate of the drive-laser offer a unique 

advantage for a photon-photon collider that could study nonlinear light-light vacuum 

reactions such as 4321 ωωωω +→+ , electron-positron pair production 

 , or potentially even higher-energy particle pair creation processes. 

The possibilities and limitations of a laser-driven FEL for this application will be 

explored more rigorously in an upcoming publication. 

−+→+ eenn 2211 ωω

 

VIII. SUMMARY 

The large deflection gradients from the proposed laser-driven undulator and the electron 

beam properties from a structure based laser-particle accelerator are the two essential 

aspects that could allow for an ultra-compact undulator and for the possibility of few-

attosecond X-rays. The expected few-cm interaction length required from a laser-driven 

undulator implies that the entire undulator could be fabricated on a single quartz wafer, 

taking advantage of existing precision available nanofabrication technology.  The 

possibility for an undulator as a single monolithic unit could present an important 
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advantage for addressing the tight alignment requirements and consequently could allow 

for a significant reduction of its fabrication cost. 

 

The proposed concept was described in this article with a specific example, and the 

ultimate design will depend on the application in question. Possible improvements to the 

presented system include recycling of the laser beam that powers the accelerator structure 

[32], resonating of the X-ray photons [40] or recycling of the electron beam such as 

proposed for future X-ray FELs driven by superconducting accelerators [41]. Further 

possible improvements include the implementation of other substrate materials for the 

dielectric undulator and examination of shape factors other than a binary step function 

that was assumed in this article for vacuum channel.  

 

The numerical modeling of the FEL process presented in this article constitutes a first 

order feasibility analysis of the concept, and more refined calculations will reveal the 

extent of the degradation of the FEL process from wakefield effects caused by the 

periodic rough surface of the structure of the vacuum channel [42] and by the undulator 

[43,44] and possible remedies such a tapering of the undulator field [42] or initial energy 

chirp of the electron beam [45].  Implementation of shorter-wave optical electron bunch 

compression techniques analogous to the combination of shorter-wavelength energy 

modulators and dispersive dogleg or chicane electron transport elements such as planed 

for the LCLS  [4] , or as the proposed implementation optical bunchers to conventional 

electron beams from RF accelerators [46,47] could lead to further reduction of the X-ray 

FEL pulse that is already in the few-attosecond timescale without significant 
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complication to the system. This possibility is very appealing and will merit closer 

inspection. Finally, the driven FEL system such as the one described here may present a 

unique opportunity for efficient FEL harmonic generation. Depending on the polarization 

and optical phase of the drive-laser beam the laser-driven undulator structure can also 

provide a longitudinal force component with the same undulator period.  This allows for 

an external control of the enhancement or mitigation of the figure-8 particle orbit 

responsible for FEL harmonics. 

 

In summary, as future experimental work laser-driven particle accelerators evolves and as 

their advantages and limitations are revealed more detailed and realistic designs for a 

laser-driven FEL system that contain some of the mentioned capabilities such as 

recycling or bunch compression schemes or the possibility of harmonics will become 

possible. It can be concluded that, if successful, a laser-driven undulator presents a series 

of unique new possibilities for efficient generation of coherent X-ray radiation. 
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APPENDIX A 

The present analysis derives the phase synchronicity for a deflection force from a cw 

plane wave powering a two-dimensional periodic structure such as that shown in Figure 

2.   The particle is assumed to have a uniform, time-independent velocity cv ~  and the 

structure is approximated by assuming infinite extent in the z-direction. This two-

dimensional geometry supports two independent field solutions representing transverse-

electric (TE) or transverse-magnetic (TM) waves. Both solutions have only three inter-

dependent field components. For a TM wave the nonzero field components are , , 

and . In the coordinate system of the structure the particle’s velocity is  

xE yE

zB

( zycv ˆsinˆcos )αα +=
r . Hence, in this coordinate system the Lorentz force from the TM 

wave acting on the relativistic particle is described by 

 

⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜

⎝

⎛ +
=

0

cos
Re y

zx

E
cBE

qF
α

r
        (A.1) 

 

As seen next, the αcos  term, which describes the oblique orientation between the 

structure and the particle orbit, is key for allowing a phase-synchronous deflection. The 

average gradients are defined as qFG xx =
TM

, qFG yy =
TM

,  and 

qFG zz =
TM

 evaluated along the particle path αcosyy =′ . Because of the 

periodicity of the structure and the normal incidence of the plane wave the field 

components have the form   
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where ppk λπ2=  and λπ2=k . In the vacuum channel the time harmonic fields 

and can be shown to be related by xE zB xzy ikEBcd = . Therefore the coefficients of 

and are related by xE zB

 

n
p

n U
nk
kcW =           (A.3) 

 

The particle position in the vacuum channel is ( ) ctyty += 0 . Therefore the time variable 

can be expressed as ( ) cycyyt 0−= . Hence the average deflection gradient 
TMxG can 

be described in terms of the Fourier coefficients 
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The term is a constant that represents the optical phase of the particle with respect to 

the field and can be taken out of the path integral. For 

0ikye−

TMxG  to be nonzero there has to 

be a component in the sum of equation A.4 that possesses a non-oscillatory term, that is,  

 

0cos =+ αknk p          (A.6) 

 

When this condition is satisfied for the nth coefficient in equation A.4 the average 

deflection gradient simplifies to 

 

( ) α2
TM

sinRe 0
n

iky
x UeG −=         (A.7) 

 

Equation A.7 establishes that a continuous, phase-synchronous deflection force can be 

produced by a TM polarized plane wave incident on a periodic structure.  Notice that 

when the tilt angle α between the particle trajectory and the structure is zero no phase-

synchronous deflection force is possible.  Hence the necessity for a nonzero tilt angle and 

a structure geometry as shown in Figure 2. A similar condition is found to apply with the 

TE polarization.   

 

This type of analysis can also be applied for oblique incidence plane waves and pulse-

front tilted laser beams. For such laser beams it can be shown that in addition to equation 

A.6 a pulse-front tilt angle αψ cos1tan = is required for phase synchronicity. Finally, it 

can also be shown that at phase-synchronicity the average deflection gradient can be 
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evaluated from the fields within one structure period as indicated in equation 1. A 

rigorous analysis that includes these aspects is presented elsewhere [21]. 
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