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Abstract

:

In this study, we implement attosecond afterburners in an ultrashort soft X-ray free-electron laser (FEL) to improve the performance of generating attosecond pulses. In this scheme, the FEL pulse produced in the normal radiator section is dumped while the well bunched electron beam is reserved and reused in downstream afterburners. Subsequently, radiation in the afterburners gains rapidly as the bunching factor in the current spike is large, making the radiation pulse much shorter and cleaner than that from a normal radiator. Multi-shot simulations are carried out to demonstrate the performance and stability of the proposed technique.
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1. Introduction


In molecular systems, electron dynamics occur on a timescale in the order of a few hundred attoseconds. Light pulses on this timescale and of certain demanded qualities are necessary in many research areas such as measurement technology, studying molecular structure, and capturing multielectron dynamics [1,2,3,4]. Laser pulses in the water window can penetrate through the solution and can only react to common elements in biomolecules. Hence, the generation of attosecond laser pulses in the water window has become a frontier in many research fields [5,6,7]. High-harmonic generation (HHG) [8] holds the capability of producing attosecond pulses. During the past 20 years, the HHG technique has been significantly improved, through which the wavelength has been extended to the soft X-ray range, and the pulse duration can be as short as 50 as [9,10,11]. However, the pulse energies of HHG are usually limited to the picojoule level. An X-ray free-electron laser (XFEL) [12] is distinguished for its high intensity and flexible control of various output properties [13]. Most FEL facilities currently in operation are based on the self-amplified spontaneous emission (SASE) principle [14]. The output of SASE is usually characterized by large shot-to-shot fluctuations [15,16] and the pulse durations are generally determined by the electron bunch length. In order to shorten pulse durations, several methods have been developed [17,18,19,20,21,22,23,24,25,26]. Among them, the enhanced self-amplified spontaneous emission (ESASE) technique [18] has been experimentally demonstrated to be able to generate attosecond FEL pulses in the soft X-ray range [27,28,29,30]. The ESASE technique has also been considered by many other FEL facilities [31,32,33,34,35].



In this paper, we propose to implement short afterburners following an ESASE scheme to further shorten the pulse duration and to improve the stabilities of the attosecond pulses. Similar methods have been employed in the chirp-taper scheme to generate attosecond pulses in the EUV and soft X-ray regions [36]. In this work, microbunching in the electron beam is generated through the ESASE process. Radiation from ESASE is dumped, while the well bunched electron beam is reserved and reused in the downstream afterburners to produce attosecond pulses. We perform detailed numerical simulations and the results show that the pulse duration can be shortened by half, while the peak power can be well maintained. In addition, pulse duration and intensity stabilities can also be improved as compared with the conventional ESASE process.




2. Layout for the Proposed Technique


The layout of the proposed technique is shown in Figure 1. The whole beamline consists of a normal ESASE section followed by a series of afterburners. Similar to the conventional ESASE process [18], first, a few-cycle laser pulse is employed to interact with the electron beam in a short modulator (wiggler) to introduce energy modulation [37,38]. Then, energy modulation is converted into density modulation by using a small chicane to increase the peak current in a small fraction of the electron beam. The FEL radiation is amplified and the electron beam is well bunched in the radiator. The shortest pulse duration is limited by the FEL slippage in the radiator [24], which is in the femtosecond range for a soft X-ray FEL. To overcome this limitation, afterburners are added after the radiator. Intense attosecond pulses can be obtained with very short undulators with the well bunched electron beam. Otherwise, since the FEL in the afterburners is generated from bunched electron beam other than random noises, the stabilities of both the power and the pulse duration are expected to be improved. Quadrupoles with transverse offsets are added between the radiator and afterburners to kick the electron beam and to split the attosecond pulses from different undulators [39].




3. Numerical Simulations


Three-dimensional simulations are employed to illustrate the performances of the proposed technique. Typical parameters of a soft X-ray FEL facility are chosen to perform these simulations, as shown in Table 1. The processes of energy modulation in the wiggler and the transmission processes in the chicane are simulated with FALCON [40] and ELEGANT [41]. The processes of FEL lasing are simulated with GENESIS [42].



The initial electron beam is assumed to have an energy of 2.5 GeV, an energy spread Δσ of 0.25 MeV, an average beam radius of 30 μm (rms), an emittance of 0.4 μm (rms), and a peak current of 800 A. The few-cycle modulation laser pulse employed in the wiggler is about 8 fs (FWHM) with a central wavelength of    λ 0      = 2400 nm, a power of 40 GW, and a radius of 0.4 mm. The periods for both the radiator and the afterburners are chosen to be the same value of    λ 1     = 3 cm. The central wavelength of the FEL is 3 nm.



3.1. Modulation before the Radiator


The initial phase space of the electron beam is shown in Figure 2a. Modulated by a few-cycle laser in the wiggler, energy modulation is imprinted on the longitudinal phase space of the electron beam, as shown in Figure 2b. The laser-induced energy modulation amplitude is A = ∆γ/Δσ = 12. After passing through a chicane with an optimized strength of R56 = 0.75 mm [29,35], energy modulation is transformed into density modulation, as shown in Figure 2c. Figure 2d presents the current profile after the chicane with a peak current of about 4800 A.



The electron beam with an enhanced current spike is sent into a radiator resonant at 3 nm. The simulation results for the evolutions of the FEL peak power and the pulse duration along the radiator are summarized in Figure 3a. The peak power keeps increasing in the 21 m long radiator, while the pulse duration fluctuates from 500 as to 1400 as, due to the slippage effect. To obtain profound insight into the influence of the slippage effect, the evolution of the FEL pulse along the radiator is plotted in Figure 3b. In the radiator, the FEL pulse slips ahead by about 1.7 fs for every 5 m with respect to the current peak. This slippage causes a decrease in the gain of the main pulse with a decline in the local current. With a sufficiently large bunching factor in the current peak, new pulses are continually generated, resulting in a large fluctuation of the pulse duration in the radiator.




3.2. FEL Evolution in the Radiator


To further analyze the bunching properties of the electron beam in the radiator, the evolutions of the local bunching factor at the main current peak and the maximum bunching factor along the electron beam are given in Figure 3c. It can be observed that the local bunching factor at the main current peak increases along the radiator and reaches 35% at around 20 m. Due to the slippage effect, the FEL pulse moves forward and interacts with a fresh fragment of the electron beam, resulting in a much larger bunching factor of about 75% at 20 m. Figure 3d gives the profiles of the bunching factor along the electron bunch at 16 m and 20 m of the radiator. The peaks of the bunching factor moved ahead by about 1 fs (16 m) and 2 fs (20 m), respectively. Although the maximum bunching factor at 20 m is larger than that at 16 m, the multi-peak bunching profile will degrade the performance of the FEL in the following afterburner.




3.3. Optimization of the Lengths of the Undulators


After passing through the radiator, the well bunched electron beam is sent into the afterburner to lase again. According to Figure 3b, the bunching factor increases along the radiator of the ESASE section, giving rise to higher power in the afterburner. However, with an increased length of the radiator, the duration of the bunching profile is also increased, and the signal to noise ratio is dramatically decreased, as shown in Figure 3d. To achieve radiation pulse with high intensity and short duration, the lengths of the radiator (z1) and the afterburner (z2) need to be optimized. Simulations are performed for different cases and the results are presented in Figure 4. When z1 is constrained to 14 m < z1 < 16 m, the peak power from the afterburner can be over 1 GW and the pulse duration can be less than 400 as, with a proper length of the afterburner (0.6 m < z2 < 1 m). In the following simulations, the length of the radiator and the afterburner is chosen to be 14.76 m and 0.72 m, respectively.



The power of the superradiance generated with the pre-bunched electron beam is proportional to the product of the beam current squared and the bunching factor squared: P∝   I 2   b 2    [43,44]. The duration of the output pulse from the radiator is about 700 as, as shown in Figure 5a. In comparison, Figure 5a also shows the profiles of the current peak, bunching factor, and the    I 2   b 2    by the end of the radiator. Although the duration of the current peak and the bunching profile is 600 as and 1 fs, correspondingly, the distance between them leads to a much shorter duration of about 350 as compared with the    I 2   b 2    profile. Driven by the large bunching factor, intense radiation is immediately generated at the beginning of the afterburner. Figure 5b shows the radiation pulse from the afterburner, where the pulse duration is 396 as and the peak power is 1.47 GW.




3.4. Simulations of the Kickers


Now, we show an example of the performance of the first afterburner and the second afterburner, to illustrate the subtle influence of the kick, which is induced by a quadrupole with a transverse offset. The parameters of the two kickers are the same, as shown in Table 1. The length of the radiator is chosen to be 14.76 m. The lengths of both the first and the second afterburner is chosen to be 1.71 m for simplicity. The electron beam is kicked by 15 μRad, after traveling through a quadrupole of 0.1 m long, with a focal length of 10 m, and an offset in the y axis of 30 μm. The axial displacement between the laser in the radiator and the laser after the kicker can be approximately calculated to be ∆y = 15 μRad × 10 m = 150 μm, which is twice the RMS radius of the electron beam. The simulation results of this part are depicted in Figure 6.



As can be seen in Figure 6a, the decrease in the bunching factor profile at the kicker between the radiator and the afterburner is less than 10% at the main current peak. Then, in Figure 6b, in the first afterburner, the FEL grows slower than that in Figure 4, but still reaches 1 GW at 0.96 m with a pulse duration of 401 as. Figure 6c shows the change in the bunching factor profile at the second kicker. The overall bunching factor grows to a higher level than that in Figure 6a. Figure 6d shows the performance of the FEL in the second afterburner. The FEL reaches 1 GW at 0.66 m, with a pulse duration of 318 as.




3.5. Stability against the SASE Fluctuation


To analyze the stability of the proposed technique, multiple runs of the simulation are carried out with different shot noise initializations [39]. As we have mentioned above, the output properties of the SASE-based FEL can fluctuate a lot from shot-to-shot. According to Figure 3a, the different gain processes of ESASE also result in different output pulse durations. However, radiation in the afterburner, which is determined by    I 2   b 2   , only occurs in the region where the current and bunching factor are relatively large, making the pulse duration nearly immune to the slippage effect in the ESASE radiator. The statistics of the evolutions of peak power and pulse duration are shown in Figure 7, where one can find that both the power and pulse duration jitters in the afterburner are much smaller than those in the radiator. The average peak powers reach 1 GW at about 13.65 m of the radiator and about 0.72 m of the afterburner.



Figure 8 shows the simulation results of the FEL peak power and pulse duration at 13.65 m in the radiator and 0.72 m in the afterburner. The Gaussian fits are given to depict the distribution of peak power and pulse duration of the whole 280 shots. The standard deviations of the peak power and the pulse duration are 0.765 GW and 163 as in the radiator while 0.445 GW and 62.5 as in the afterburner, respectively, as shown in Figure 8. These results demonstrate that the stabilities of the FEL pulses from afterburner can be well improved due to the utilizing of pre-bunched electron beams.




3.6. Effect of Longitudinal Space Charge


It has been pointed out that the longitudinal impedance and wake from undulators can significantly affect the performances of current-enhanced SASE schemes [45]. The energy chirp induced by the longitudinal space charge (LSC) field can be estimated [45,46] by    E z  ≈    Z 0   I ′   s    4 π      γ z   ¯   2      2 ln      γ z   ¯   σ z     r b    + 1 −    r 2     r b 2      ,   where    Z 0  = 377 Ω  ,    I ′   s  = d I / d s   is the derivative of the longitudinal current distribution with respect to the bunch coordinate s,      γ z   ¯  = γ /   1 +  K 2     ,    σ z    is the rms bunch length of the current peak, and    r b    is the beam radius of a uniform transverse distribution. Here, we take      γ z   ¯  = 2236  , and the central spike    σ z  = 51   nm. Figure 9 shows the accumulated energy modulation due to the LSC effect at a distance of 14.76 m in the FEL undulator. For the central current spike, a strong energy chirp with a peak-to-peak energy variation of about 24 MeV is produced by the LSC effect. Such a large energy spread is much larger than the FEL bandwidth, and can degrade the FEL interaction. However, it has been pointed out in [46] that a properly tapered undulator can compensate for the FEL gain degradation induced by a linearly chirped electron beam. The effectiveness of undulator tapering on compensating the FEL power loss has also been confirmed theoretically [27,46] and experimentally [28,47].



To compensate for the energy loss of the FEL due to the LSC effect, tapers should be applied in the undulators according to [48]. A linear taper of 0.61% is adopted in the radiator, and the length of the radiator remains to be 14.76 m. At the end of the radiator, the local bunching factor at the peak current is about 0.12, still large enough to initiate coherent radiation in the following afterburner.



The performance of the FEL in the afterburner is shown in Figure 10. The peak power can still reach 1 GW in the afterburner. The pulse profile at 1.47 m in the afterburner is shown in Figure 10b, where the pulse duration is about 420 as, still much shorter than that in the radiator. Comparing these results with Figure 6, the pulse durations at 1 GW power level are similar. The only difference is that the length of the afterburner needs to be extended to obtain the same peak power when the LSC is considered.





4. Conclusions


In conclusion, in this study, we demonstrated that some properties of the ESASE process can be improved by using attosecond afterburners. The simulation results show that this method can produce FEL pulses with a pulse duration of 389 as and a peak power of 1 GW, while the pulse duration in the conventional ESASE process is 720 as. In addition, simulations were also performed to verify the superior stabilities of attosecond afterburners against SASE fluctuation as compared with the conventional ESASE process. The results indicate that the fluctuations of the output pulse duration and peak power from the attosecond afterburner is about half of that in the conventional ESASE process. The optimizing methods and the results demonstrated here are also applicable to other soft X-ray FELs with similar parameters. In practical operation, a reverse-tapered radiator [49] can be applied upstream of the afterburner, producing attosecond pulses with minimal background. The radiator may be at a harmonic enabling two color pulses, that could be recombined on a sample, proper selection of the recombination beam paths could allow time coincidence, or even allow some delay scan capabilities. In this paper, we took ESASE as an example to show the performance of the proposed technique. It should be highlighted that the proposed technique is also suitable for other SASE-based ultrafast FEL generation schemes, such as emittance spoiler [17], nonlinear bunch compression [24], and fresh-slice [25] based methods. A proof-of-principle experiment for the attosecond afterburner is under preparation at the Shanghai soft X-ray FEL facility (SXFEL) [50]. Studies with the realistic parameters of the SXFEL and considering various three-dimensional effects, such as LCS in undulators, are ongoing.
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Figure 1. Schematic layout of the proposed technique. After passing through the conventional ESASE section, the well bunched electron beam is sent into downstream short afterburners. 
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Figure 2. Modulation processes of ESASE: (a) Initial longitudinal phase space distribution; (b) phase space at the entrance of the chicane; (c) phase space at the entrance of the radiator; (d) current profile at the entrance of the radiator. 
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Figure 3. FEL performances in the radiator of ESASE: (a) Evolutions of the peak power and the pulse duration along the radiator; (b) evolution of normalized power along the radiator; (c) evolutions of the local bunching factor at the current peak and the maximum bunching factor along the radiator; (d) bunching factor profiles at 16 m and 20 m of the radiator, t = 0 represents the current peak. 






Figure 3. FEL performances in the radiator of ESASE: (a) Evolutions of the peak power and the pulse duration along the radiator; (b) evolution of normalized power along the radiator; (c) evolutions of the local bunching factor at the current peak and the maximum bunching factor along the radiator; (d) bunching factor profiles at 16 m and 20 m of the radiator, t = 0 represents the current peak.



[image: Applsci 12 11850 g003]







[image: Applsci 12 11850 g004 550] 





Figure 4. Output peak power (a) and pulse duration at the main current peak (b) from the proposed technique as a function of the lengths of the radiator and the afterburner. 
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Figure 5. (a) Comparison of the profiles of I, b,    I 2   b 2   , and power at the end of the radiator; (b) FEL pulse from the afterburner. 
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Figure 6. Change of the bunching profile at: (a) the first kicker; (c) the second kicker. Performance of the FEL pulse in: (b) the first afterburner; (d) the second afterburner. 
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Figure 7. For 280 shots, the average values and deviations of: (a) the peak power; (b) the FEL pulse duration. 
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Figure 8. Gaussian fit of the distributions of peak power and pulse duration at (a) 13.65 m in the radiator and (b) 0.72 m in the afterburner. 
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Figure 9. Electron bunch energy modulation from the LSC field after a distance of 14.76 m. The bunch head is to the right. 
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Figure 10. FEL performance in the afterburner with the LSC considered: (a) Development of the peak power and the pulse duration in the afterburner; (b) FEL profile at 1.47 m in the afterburner. 
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Table 1. Main parameters used in the proposed technique.
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Section

	
Parameter

	
Value

	
Unit






	
Initial beam

	
Average energy

	
2.5

	
GeV




	
Peak current

	
800

	
A




	
Energy spread

	
0.25

	
MeV




	
Average beam radius (RMS)

	
30

	
    μ m    




	
Modulative laser

	
Wavelength

	
2400

	
nm




	
Power

	
40

	
GW




	
Radius

	
0.4

	
mm




	
Pulse duration (FWHM)

	
8

	
fs




	
Wiggler

	
K

	
39.27

	
-




	
Period

	
16

	
cm




	
Period number

	
1

	
-




	
Radiator

	
K

	
2.75

	
-




	
Period

	
3

	
cm




	
Period number

	
443

	
-




	
Afterburner

	
K

	
2.75

	
-




	
Period

	
3

	
cm




	
Period number

	
24

	
-




	
Kicker

	
Length of the quadrupole

	
10

	
cm




	
Focal length

	
10

	
m




	
Transverse offset in y axis

	
0.3

	
mm




	
Angle

	
15

	
μrad
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