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Abstract

:

The combination of advanced high-power laser technology, new acceleration methods and achievements in undulator development offers the opportunity to build compact, high-brilliance free electron lasers driven by a laser wakefield accelerator. Here, we present a simulation study outlining the main requirements for the laser–plasma-based extreme ultraviolet free electron laser setup with the aim to reach saturation of the photon pulse energy in a single unit of a commercially available undulator with the deflection parameter   K 0   in the range of 1–1.5. A dedicated electron beam transport strategy that allows control of the electron beam slice parameters, including collective effects, required by the self-amplified spontaneous emission regime is proposed. Finally, a set of coherent photon radiation parameters achievable in the undulator section utilizing the best experimentally demonstrated electron beam parameters are analyzed. As a result, we demonstrate that the ultra-short, few-fs-level pulse of the photon radiation with the wavelength in the extreme ultraviolet range can be obtained with the peak brilliance of ∼  7 ×  10 28    photons/pulse/mm   2  /mrad   2  /0.1%bw.
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1. Introduction


In recent years, linac-based free electron lasers (FEL), as a deliverer of coherent X-ray pulses, changed the scientific landscape. Such facilities became an invaluable tool for research in chemistry, biology, material science, medicine and physics [1]. Existing facilities (for example, [2,3,4]) broaden access to the technology, allowing more researchers to take advantage of the X-ray FEL’s unique capabilities. Due to the fact that linac-based X-ray FELs utilize two well-established technologies, conventional or superconducting radio frequency (RF) accelerating structures and permanent magnet-based undulators, such facilities have a total footprint from a few hundred meters (soft X-ray FELs) up to a few kilometers (hard X-ray FELs) and, as a result, are extremely costly. The unique research importance and high cost lead to a situation wherein only a few such facilities operate around the world, with a substantial lack of user-oriented beamtime.



The scientific success and tremendous demand from the photon beam user community stimulate intensive research to find competitive approaches that would lead to a significant size and cost reduction in the instruments. The constantly developing laser wakefield acceleration (LWFA) techniques represent a very attractive candidate for the novel, compact FEL driver [5], especially in light of recent progress in laser technology [6], acceleration gain [7] and breakthroughs in electron beam quality improvement [8].



Over the last decade, the mechanism of the laser–plasma acceleration (LPA) was studied intensively by many groups in order to improve the electron beam parameters by using various LPA schemes, aiming to achieve high-energy, high-quality beams with a sub-percent-level energy spread, low transverse divergence (better than 0.5 mrad RMS), normalized emittances as low as 0.1  π  mm mrad and a bunch charge of tens of pC. LPAs have already successfully been applied as undulator-based incoherent light sources [9,10,11,12,13]. A global awareness has been established that LPAs are sufficiently mature as electron beam drivers for compact coherent light sources from the extreme ultraviolet (EUV) to the soft or even hard X-ray ranges [14,15].



The LPA process creates an electron beam with a transverse divergence that is significantly larger than that of conventional linear accelerators. Such an electron beam has to be focused first by utilizing a set of quadrupole magnets (so-called capture block) placed close to the laser–plasma interaction area. Handling the significant energy spread of the LPA electrons is another problem, which has to be solved intrinsically in the plasma source [16] or by means of the dedicated electron beam transport. A decompression chicane has been proposed [17] to tackle this challenge by applying a controlled rotation of the bunch longitudinal phase space and hence reducing the slice energy spread typical for the LWFA electron beams. In order to produce lasing, the required slice energy spread of the electron bunch passing through the undulator system has to be less than the Pierce parameter, which scales as ∼  1 / γ  . It is clear that such a condition is more relaxed in the case of the moderate electron energies (few hundreds of MeV), which in turn restricts the generated photon radiation wavelength to the EUV range. In addition to the slice energy spread, the normalized transverse emittance has to be controlled in order to keep it less than the coherent normalized emittance in the undulator. Finally, the parameters of the electron beam at the entrance of the undulator have to match the undulator Twiss parameters in order to obtain the maximum power of the coherent photon radiation. The undulator Twiss parameters depend on the undulator properties and the focusing structure in the event that a few undulator units are used to reach the FEL saturation regime and produce the high brilliance of the coherent photon radiation.



Recently, the first proof-of-principle demonstration of free electron lasing at 27 nm photon wavelength using three undulator sections driven by a laser wakefield accelerator has been published in [18]. In this experiment, a 490 MeV electron beam was transported using a beamline consisting of a capture block, made by a combination of two permanent and one electromagnetic quadrupole magnets and a matching block made of two electromagnetic quadrupole magnets, used to focus the electron beam into the middle of the 5 m long undulator system. In the above-mentioned work, the electron beam parameters, suitable for lasing, were obtained from the source and no devices for the phase space manipulation were used.



In this paper, we propose a dedicated electron beamline concept where, in addition to the standard three quadrupole-based capture block and an undulator matching, we introduce a new phase space manipulation block consisting of a momentum filter and a decompressor chicane working together as one unit. The momentum filter in this case is used to cut the electron beam halo, caused by the chromatic aberration effects, and serves as a matching for the decompressor, providing a collimated beam, which allows us to avoid a significant increase in the transverse beam size in the chicane. In addition, the proposed electron beamline has enough space to separate the laser and electrons after the laser–plasma interaction, to place dipole correctors and diagnostics to measure the electron bunch properties along the beam transport.



Analysis of the proposed beamline is performed using, as an input, a combination of LWFA electron beam parameters routinely obtained experimentally by various research groups. We show, by means of numerical simulations, that the proposed setup is capable of generating high-brilliance coherent photon radiation in the EUV wavelength range, reaching energy saturation only in the single-unit 3.5 m planar undulator. This offers the opportunity to build compact and cost-effective FEL suitable for user applications with an output peak photon brilliance comparable to the existing linac-based EUV-FEL facilities such as FLASH (Germany) [19] and FERMI (Italy) [20].




2. Main Constraints for a Compact FEL


Aiming to reach saturation of photon energy in one unit, first, the undulator parameters must be fixed. For the purpose of this study, we opted for a very well-developed, commercially available undulator based on hybrid permanent magnet technology with the deflection parameter    K 0  ∼  1 designed at “Swiss-FEL” [21]. With this choice, the undulator section length can be defined as no more than 4 m. The main undulator parameters are presented in Table 1.



From the Self-Amplified Spontaneous Emission (SASE) FEL theory [22,23], it is well known that the saturation length of the photon radiation energy is defined by the gain length of the FEL fundamental Gaussian mode and can be expressed as    L  S A T   ≈ 20 ×  1 + Δ   L  1 D    . Here,   L  1 D    is the gain length determined by one-dimensional FEL theory as a function of basic electron beam and undulator parameters. The  Δ -value represents a degradation of the SASE-FEL parameters caused by the finite energy spread, electron beam transverse size and diffraction effect. Taking into account realistic electron beam parameters, reachable in an electron beamline, one can estimate the  Δ  value to be around 1. Using this constraint, one can conclude that, in order to reach photon energy saturation in a single-unit undulator with a length of less than 4 m, the basic parameters of the electron beam have to be optimized to provide a 1D gain length of no more than 0.1 m.



With the above considerations in mind, an analytic analysis using 1D and 3D SASE-FEL models has been performed assuming Gaussian distribution of electrons in the bunch. The main constraints on the LWFA electron beam and corresponding coherent photon radiation parameters have been derived and are summarized in Table 1. The results indicate that in order to maintain the saturation length of around 3.5 m, the electron beam energy has to be around 350 MeV if the electron bunch, passing through the undulator, has the following parameters: a bunch charge around 25 pC, the RMS transverse size is around 30  μ m and the RMS “slice” relative energy spread is around 0.25%. Such energy with stable and reproducible electron beam parameters has been demonstrated experimentally in a compact laser–plasma interaction region [24], utilizing a moderate power of the compressed laser pulse.



Experimental results indicate that an electron beam with sufficient bunch charge and the energy required to operate the FEL in the EUV range can be obtained using a “Joule-class” laser with a pulse duration of ∼30 fs. Such lasers are capable of running with a repetition rate of up to 50 Hz [25], which can boost the average brilliance of the photon radiation to values comparable with the existing RF-based soft X-ray FELs.




3. Laser–Plasma Acceleration for EUV-FEL


Plasma-based accelerators are of great interest because of their ability to sustain extremely large acceleration gradients. The electric field in plasma of the order of 100 GV/m has been demonstrated experimentally [26,27]. Consequently, the accelerating structure required to produce an LWFA electron beam with energy around (300–400) MeV will have the length of a few centimeters. The laser–plasma acceleration technology has made great progress recently to provide a stable operation and produce an electron beam with a peak current of a few kA and energy in the GeV range.



Analyzing the published experimental results obtained by different groups [14], one can identify typical parameters of the electron bunch expected from the LWFA as follows: (1) the normalized transverse root mean square (RMS) emittance of the electron beam is in the range of (0.2–0.5)  π   μ m rad for the electron beam with the peak energy of up to 1 GeV; (2) the RMS transverse divergence is in the range of (0.5–1) mrad; (3) the RMS energy spread with the Full Width at Half Maximum (FWHM) bunch length of a few  μ m can be reduced down to 1%, keeping the bunch charge of a few tens of pC. The experimentally demonstrated set of LWFA electron bunch initial parameters fits well with the SASE-FEL requirements assuming that one can preserve the electron beam quality while transporting electrons from the LWFA source to the undulator.




4. Electron Beam Transport for EUV-FEL


In order to deliver the LWFA electron beam to an FEL undulator, a dedicated beam transport has to be designed to provide: the capture of electrons from the LWFA source [28]; effective transport of the electron beam with preservation of its quality; possible manipulation with the electron bunch in the longitudinal phase space [17] and, finally, matching the electron beam into the undulator [29]. Moreover, the combination of the significant initial transverse divergence and the large energy spread of LWFA electrons leads to the intrinsic growth of the normalized transverse beam emittance in a drift space after the laser–plasma interaction area [30]. Therefore, the beam transport has to be designed in such a way as to mitigate the emittance growth due to the chromatic effects. Apart from chromatic effects, the laser-driven electron beam, having a bunch duration of a few fs and a bunch charge of a few tens of pC, will suffer from collective effects, which have to be analyzed and taken into account in order to prevent the beam emittance degradation.



The conceptual solution for such beam transport that allows one to reach the SASE-EUV-FEL regime in a single-unit undulator is presented in Figure 1. The proposed beamline consists of the following elements: a capture block, a momentum filter, a decompressor chicane and a matching block.



The capture block consists of a pair of Halbach-type permanent quadrupole magnets (PQM) [31] and one conventional electromagnetic quadrupole (EMQ). In spite of a lack of tuning flexibility, PQMs provide the required magnetic field gradient for capturing a highly divergent electron beam that is unreachable by conventional EMQs. One possible solution to improve the flexibility would be the use of an active plasma lens [32,33,34,35] instead of the PQM pair; however, this option needs to be further investigated. As a unit, the capture block has been designed to prevent the growth of the normalized RMS transverse emittance and, at the same time, to focus the electron beam in both planes to propagate through a significant drift space required to separate the driver laser and electron beam after the interaction point.



After passing the first triplet of quadrupoles, the electron beam will form a halo, caused by the chromatic aberrations, leading to the significant degradation of the transverse normalized emittance and, as a result, to the violation of the FEL conditions. To mitigate this issue, a momentum filter [36], consisting of four EMQs with an integrated pair of vertical and horizontal collimators, is placed after the capture block. Inside the momentum filter, the halo particles are effectively filtered out by the collimators. As a result, the projected transverse RMS normalized emittance can be controlled. Optimizing the quadrupole strength of the momentum filter, the almost collimated electron beam can be obtained, which allows for the long drift space required to accommodate the next beamline section.



For the proposed beamline, the aperture of the momentum filter collimators (  C  M F   ) was set to 430  μ m. An additional collimator (  C U  ) with the aperture of 620  μ m was placed in front of the undulator entrance in order to clean the beam halo and control the slice normalized transverse emittance, as required by the SASE-FEL regime.



The normalized transverse emittance of the electron bunch after the momentum filter, as well as the particle losses at the   C  M F   -collimator, depend on the initial energy spread of the electrons in the bunch. In the case of the initial RMS energy spread of 1% and the open   C  M F   -collimator, the normalized RMS transverse emittance after the momentum filter is 1.5  π  mm mrad. For the same initial energy spread, the normalized RMS emittance becomes less than 0.6  π  mm mrad with just 13% of the particle losses if the   C  M F   -collimator has the aperture of 430  μ m. If no space charge effects are present, only 7% of the electrons in the bunch will be lost in this case. Total losses after all sections of the beamline are around 20%. Losses along the beamline are presented on the bottom plot in Figure 2.



As mentioned previously, the LWFA electron beam has a relatively large (compared to the conventional RF accelerators) initial energy spread, which makes it impossible to reach the FEL regime. As proposed in [17], this problem can be solved by introducing a dispersive section (a decompressor chicane) into the beamline, where the electron bunch is stretched longitudinally and effectively sorted by energy, resulting in a reduction in the local (slice) energy spread at the cost of a reduced peak current and an energy chirp. The slice energy spread in this case can be controlled by adjusting the bending angle of the chicane dipole magnets. For the proper optimization of the magnetic chicane performance, the space charge effect at low electron energy has to be taken into account. The space charge force will change the transverse and longitudinal particle distribution in the bunch, leading to an almost uniform longitudinal beam profile.



The result of such optimization is presented in Figure 3, showing variation in the FWHM bunch length and the average slice RMS energy spread as a function of the decompressor bending angle for various bunch charges. The slice length is determined by the coherence length for the SASE-FEL regime. The required slice energy spread is defined by the SASE-FEL constraints discussed above. In order to keep the slice energy spread below 0.25%, dictated by the FEL study described in the previous section, the bending angle of the decompressor has to be no less than 0.35 degrees and the initial projected RMS energy spread of the electron bunch has to be 0.5%. Further increase in the angle will lead to a peak current reduction. To keep the current at the same level, more charge is required. Increasing the charge will intensify the collective effects, which, at some point, will lead to the degradation of the electron beam quality [37].



Finally, the matching block consisting of three EMQs is placed before the undulator. This block allows us to focus the electron beam to the required transverse dimension, both vertically and horizontally, in the middle of the undulator.



In addition to the described beam transport sections, sufficient drift space has to be reserved between blocks in order to place steering magnets for the orbit correction and various beam diagnostic devices [38].



The electron beam dynamics for the proposed beamline have been studied using the TraceWin code [39], taking into account the space charge effect in combination with the collimation of the beam. Initial electron beam parameters were optimized to provide the required slice electron beam parameters presented in Table 1. An example of the transverse beam size variation along the beamline is presented in Figure 2. In this case, the initial projected RMS energy spread is equal to 0.5%, the RMS transverse divergence of the electron beam is 0.5 mrad, the RMS bunch length is 1  μ m and the total bunch charge is 40 pC. As one can see, the proposed beam transport design allows us to focus the beam down to ∼25  μ m in both planes, with propagation efficiency of approximately 80%, keeping the normalized RMS projected emittance at the level of 0.6  π  mm mrad at the entrance of the undulator. Proper optimization of the decompressor chicane allows us to keep the slice energy spread below 0.25% and the slice RMS normalized transverse emittance no more than 0.4  π  mm mrad, as required to achieve the FEL performance.



The simulated transverse and longitudinal phase spaces are presented in Figure 4, representing the bunch behavior along the electron beamline. The decompression chicane leads to a significant reduction in the slice energy spread (Figure 4 images (l) and (o)), inducing an additional energy chirp. The length of the slice is determined by the FEL coherence length, which is less than 0.5  μ m (see Table 1). The average energy of each longitudinal slice will be slightly different. This will lead to the variation in the photon wavelength generated by each individual slice. Nevertheless, the resulting variation in the wavelength remains less than the fundamental broadening, which is mainly defined by the Pierce parameter. In this case, the energy chirp introduced by the decompressor chicane will not be noticeable in the EUV wavelength region.




5. EUV-FEL Regime


The start-to-end simulations of the electron beam dynamics with collective effects and the generation of the coherent photon radiation in the chosen undulator have been performed by using the optimized set of the decompressor chicane. The SASE-FEL regime in the case of a single-unit undulator with the gap size of 4 mm has been studied, using the SIMPLEX code [40], to confirm the saturation of the radiation power at the exit of the undulator, including an external seeding to improve the longitudinal coherence of the generated photon pulse.



The results of the study are presented in Figure 5 and Figure 6, showing photon energy amplification inside the undulator and the corresponding energy spectrum, respectively. As one can notice, the saturation of the photon pulse energy can be reached after approximately 3.5 m if the initial projected RMS energy spread of the laser-driven electron beam is 0.5%. The corresponding value of the radiation peak brilliance is 7.5 × 10   28   photons/pulse/mrad   2  /mm   2  /0.1%bw. If the initial projected RMS energy spread is increased to 1%, the saturation of the photon pulse energy along the same undulator cannot be obtained.



An external seeding with proper parameters allows us to reduce the saturation length and increase the photon pulse energy. In the case of the EUV-FEL, the direct seeding by the high harmonic generation (HHG) in noble gases [41] can be used. The seeding signal can be obtained from the main laser pulse used for the electron acceleration. This approach will simplify the required synchronization between the electron beam and the seeding signal at the entrance of the undulator.



To demonstrate this, an external signal with a wavelength of 31.6 nm and power of 1.2 kW was applied in the simulation to the case of 0.5% initial energy spread. The photon radiation energy saturation in this case can be reached after around 3 meters, producing a single-spike energy spectrum.



The photon radiation wavelength can be tuned by varying the undulator gap. An example of the output parameters for the gap size of 7 mm is presented in Table 1. It must be taken into account that, for each gap position, the electron peak current and consequently all the beamline parameters have to be re-optimized in order to reach the saturation of the photon energy at the fixed undulator length.




6. Conclusions


A comprehensive analysis of the LWFA electron beam main parameters has been performed in order to provide the saturation of the photon energy in the single-unit “Swiss-FEL”-type undulator. It was shown that the LWFA electron beam with the energy of 350 MeV is capable of generating a fundamental harmonic photon radiation with a wavelength in the range of (20.4–31.6) nm depending on the undulator gap size. A dedicated electron beam transport has been presented, allowing us to deliver the electron beam from the LWFA source to the FEL undulator with the parameters needed to reach saturation of the photon radiation power in the EUV wavelength range in a single undulator unit with a length of less than 4 m.



Is was demonstrated that the saturation of the photon radiation power can be reached at the end of the single-unit “Swiss-FEL”-type undulator, even without additional external seeding after the optimization of the electron beam slice parameters. The proper seeding signal allows us to reduce the saturation length and generate a photon energy spike with improved longitudinal coherence. The peak brilliance of the single-spike photon radiation with the wavelength of ∼31.6 nm was found to be ∼7.5 × 10   28   photon/pulse/mrad   2  /mm   2  / 0.1%bw. Combination of the laser-driven FEL development with novel high-power, high-repetition rate laser technology will introduce a new perspective in the development of compact soft X-ray FELs with few or even sub-femtosecond photon bunches for a very wide user community.
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Figure 1. Schematic diagram representing proposed beamline. Here,   P 1   and   P 2   are permanent quadrupole magnets,   Q 1  –  Q 8   are electromagnetic quadrupoles,   C  1 − 2    is a pair of horizontal and vertical collimators,   S 1  –  S 5   are pairs of steering magnets (vertical and horizontal) and   D 1  –  D 4   are dipole magnets of the decompressor chicane. 
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Figure 2. Simulated electron beam horizontal and vertical envelopes (top) and beam losses (bottom) along the beamline. Arrows on the bottom plot show the position of the momentum filter collimator (  C  M F   ) and collimator before the undulator entrance (  C U  ). Parameters: electron energy is 350 MeV, decompressor bending angle is 0.35 deg, initial bunch charge is 45 pC. The center of the single-unit undulator is located at 15 m from the source. 
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Figure 3. FWHM bunch length (orange) and slice RMS energy spread (blue) as a function of the decompressor bending angle. The solid lines represent the case for the bunch charge of 35 pC. Shaded areas represent the bunch charge variation in the range of (25–45) pC. The initial projected RMS energy spread is equal to 0.5%. 
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Figure 4. Simulated transverse and longitudinal phase space projections after each beamline section: after the source (a–c), after the capture block (d–f), after the momentum filter (g–i), after the decompressor (j–l) and in the middle of the undulator (m–o). 
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Figure 5. Photon pulse energy amplification for different projected energy spread in the case of the optimized decompressor angle. 
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Figure 6. Flux density in units of number of photons/pulse/mm   2   per the energy bandwidth of 0.1% without (solid line) and with external seeding (dashed line). 
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Table 1. Summary of the undulator, electron beam and FEL parameters.
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Parameter

	
Symbol

	
Units

	
Value






	
Undulator parameters




	
Period

	
   λ u   

	
mm

	
15

	
15




	
Gap

	
   g u   

	
mm

	
4

	
7




	
Peak magnetic field

	
   B 0   

	
T

	
1

	
0.54




	
Undulator parameter

	
   K 0   

	
–

	
1.4

	
0.75




	
LWFA-based electron beam parameters




	
Energy

	
   W k   

	
MeV

	
350

	
350




	
RMS emittance (slice)

	
   ε n   

	
 π  mm mrad

	
<  ε  c o h , n   

	
<  ε  c o h , n   




	
RMS beam size in undulator

	
<  σ  x , y   >

	
 μ m

	
∼25

	
∼20




	
Energy spread (slice)

	
   σ  Δ γ / γ    

	
%

	
0.25

	
0.25




	
RMS bunch length

	
   σ z   

	
 μ m

	
1

	
1




	
Total bunch charge

	
Q

	
pC

	
25

	
35




	
Peak current

	
   I p   

	
kA

	
3

	
4.2




	
LWFA-based FEL parameters




	
Photon radiation wavelength

	
   λ  p h , 1    

	
nm

	
31.6

	
20.4




	
Photon radiation energy

	
   E  p h , 1    

	
eV

	
39

	
60.5




	
Coherent RMS emittance

	
   ε  c o h , n    

	
 π  mm mrad

	
1.7

	
1.2




	
1D Pierce parameter

	
   ρ  1 D    

	
–

	
0.0058

	
0.0065




	
1D gain length

	
   L  g , 1 D    

	
m

	
0.12

	
0.1




	
1D coherence length

	
   L  c o h , 1 D    

	
 μ m

	
0.4

	
0.25




	
Total number of photons at saturation

	
   N  p h o t o n s    

	
–

	
6.2 × 10   12  

	
3.3 × 10   12  




	
Relative FWHM frequency bandwidth

	
   δ  λ  p h , 1   /  λ  p h , 1     

	
%

	
1.2

	
1.3




	
Photon peak brilliance (0.1%BW)

	
   B  p h    

	
ph/pulse/mm   2  /mrad   2  

	
2.6 × 10   29  

	
3.4 × 10   29  




	
1D peak power at saturation

	
   P  p h , 1 D    

	
GW

	
5.4

	
5.2




	
3D gain length

	
   L  g , 3 D    

	
m

	
0.18

	
0.18




	
3D total saturation length

	
   L  s a t , 3 D    

	
m

	
∼3.5

	
∼3.5
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