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With the development of ultrafast science, free-electron lasers (FELs) with ultrashort pulses have become a state-of-the-art tool in ultrafast phenomena studies. In an externally seeded FEL, the output pulse duration is usually determined both by the seed laser pulse duration and FEL amplification process, which can hardly reach the timescale of a few femtoseconds. In this study, through a simple method of changing the relative time delay and correspondingly the pulse energy of the two seed lasers employed in a seeded FEL, we demonstrated the possibility of generating few-femtosecond soft X-ray pulses and controlling the final FEL pulse durations. Based on theoretical calculations and practical experiments, we conducted a detailed study on the capabilities and limitations to this method with the parameters of the Shanghai Soft X-ray FEL Facility. Start-to-end simulations indicate that we can achieve ultrashort soft X-ray FEL pulses with the pulse duration down to 5.2 fs, and the final pulse durations can also be controlled in terms of relative time delays.
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1 INTRODUCTION
The X-ray free-electron laser (XFEL) with high brightness, short pulse durations, superior coherence, and wide tuning ranges has become a powerful tool in numerous scientific research areas, such as molecular, atomic, and electronic motions. Comparing with synchrotron radiation, the XFEL has extraordinary advantages of high resolution in both temporal and spatial dimensions. Today, with the realization of a high-gain free-electron laser, several large-scale FEL facilities around the world have been built up to provide XFEL pulses [1–6]. XFELs usually have a pulse duration of tens to hundreds of femtoseconds. To shorten the pulse length down to a few femtoseconds or even sub-femtosecond timescale, several approaches have been proposed [7–13]. Ultrashort X-ray pulses having a few to tens of femtoseconds can image the dynamics of individual nanostructures and protein nanocrystals, which will promote a promising development in the fields of structural biology, medicine dynamics, and neuroscience [14–21].
The basic working scheme of XFELs is self-amplified spontaneous emission (SASE) [22–24], which has a relatively low temporal coherence and high pulse-energy fluctuations since the initial signal is derived from a shot noise of the electron beam. Throughout the last decade, the self-seeding method [25–29] has been proven highly effective to significantly increase the temporal coherence of the SASE XFEL pulses. Using a monochromator and a bypass chicane implemented between two undulator sections, the self-seeding method can obtain monochromatic light from the SASE FEL pulse developed in the up-front undulator section and amplify it to saturation in the subsequent undulator section. However, there are still noticeable shot-to-shot fluctuations in the output pulse energy. Another effective way to improve the temporal coherence and stability of high-gain FELs is through the external seeding strategy, which includes the high-gain harmonic generation (HGHG) [30–34] and the echo-enabled harmonic generation (EEHG) [35–41]. EEHG is also one of the most promising configurations for generating a fully coherent FEL radiation at the Shanghai High-Repetition-Rate XFEL and Extreme Light Facility (SHINE) [42]. Although they can hardly reach tender X-ray and hard X-ray regimes, the externally seeded FELs can produce fully coherent soft X-ray radiation pulses. The pulse duration in a seeded soft X-ray FEL is usually determined both by the seed laser pulse duration and FEL amplification process, which can hardly reach the timescale of a few femtoseconds [43–46]. The latest study has found that externally seeded FELs can generate few-femtosecond extreme-ultraviolet FEL pulses with the superradiant cascade technique, but the duration of these pulses cannot be flexibly controlled [47].
In this paper, a simple method has been studied for generating few-femtosecond soft X-ray pulses and controlling the final FEL pulse durations in an externally seeded FEL. The method is mainly based on the EEHG scheme. By changing the relative time delay of the two seed lasers employed in EEHG, there will appear a finite bunched part in the electron beam, which can radiate ultrashort soft X-ray FEL pulses, and the pulse durations can be varied in terms of different relative time delays. Through theoretical calculations and practical experiments, we conduct a detailed study on the performance of the method in both the single-stage EEHG and the cascaded EEHG–HGHG scheme based on the Shanghai Soft X-ray FEL Facility (SXFEL).
2 THEORETICAL ANALYSIS AND OPTIMIZATION
The principles of EEHG have been promoted for a decade, which primarily focuses in producing fully coherent soft X-ray FEL pulses. The cascaded EEHG–HGHG scheme was proposed then to further extend the photon energy coverage and obtain a narrower spectrum. SXFEL can work both on the SASE and external seeding modes, in which the single-stage EEHG scheme and cascaded EEHG–HGHG scheme are all applicable. The schematic layout of the cascaded EEHG–HGHG in SXFEL is shown in Figure 1. The whole beamline comprised an EEHG as the first stage and an HGHG as the second stage, with a fresh-bunch chicane located in between. The first-stage EEHG setup consists of two modulation sections (MOD1 and MOD2), two dispersion sections (DS1 and DS2), and an FEL radiator (RAD1). The second-stage HGHG setup consists of a modulator (MOD3), a dispersion section (DS3), and a final FEL radiator (RAD2). The electron beam from the upstream LINAC will first go through the EEHG-FEL setup to generate an initial radiation pulse in RAD1. With appropriate delays of the electron beam in the fresh-bunch chicane, the first-stage EEHG-FEL radiation pulse will slip ahead into the head of the electron beam and work as a seed laser in the following HGHG-FEL setup.
[image: Figure 1]FIGURE 1 | Schematic layout of the SXFEL-UF.
In a typical EEHG scheme, assuming a seed laser with a Gaussian power profile of an rms width σs and central wavelength λs, the electric field distribution along the electron beam can be characterized as
[image: image]
where s is the longitudinal coordinate along the electron bunch, E0 is the peak electric field intensity, ks = 2π/λs is the wavenumber of the seed laser, and ϕ0 is the initial carrier-envelope phase of the laser. As to the energy exchange in the modulator, the energy modulation Δγ for an electron beam with central kinetic energy γ can be given as
[image: image]
where K is the unitless undulator parameter (K = 0.934Bλu with B in Tesla and λu in centimeter), and [JJ] and z characterize the modified Bessel factor [JJ] = J0 [K2/(4 + 2K2)] − J1 [K2/(4 + 2K2)] and the length of the modulator, respectively. Normally, the two seed lasers employed in the two modulators in EEHG should be synchronized, interacting in the same position within the electron bunch, so that the EEHG effect can be fulfilled at the most. However, in the proposed method, to generate ultrashort EEHG FEL pulses, two seed lasers are designed to have a relative time delay of δs, and in the overlapped area, the laser intensities are set to optimized values for given dispersive strengths of chicanes. Under this condition, the maximum bunching factor will appear in the intermediate position s + δs/2. Considering the situation here, the energy modulation in the first modulator (MOD1) can be written as[image: image], while in the second modulator (MOD2), [image: image]. The maximum bunching factor is optimized at the new modulation position s + δs/2. To satisfy the modulation strength requirements at this position, the pulse energy of the seed lasers should change simultaneously, according to the relative time delay of the two seed lasers. At the exit of the second dispersion section (DS2), the bunching factor of the hth harmonic number at the selected modulation position can be similarly written as
[image: image]
where h = m − 1 with an integer m. A = Δγ/σγ denotes the modulation amplitude in the modulators, and B = R56ksδγ/γ, where R56 represents the dispersive strength of the chicanes. Δγ is the modulation depth. δγ is the slice energy spread. After the fresh-bunch chicane, the first-stage EEHG-FEL radiation will interact with a fresh part of the electron beam in MOD3 in the second-stage HGHG with an amplitude of [image: image] at the new position s′. After DS3, the bunching factor can be described as
[image: image]
Here, we adopt the configurations of the SXFEL-UF to conduct the calculations of our proposed method. The calculations are performed based on the cascaded EEHG-HGHG scheme with relative time delays of 0, 120, and 300 fs. For the 120-fs case, the maximum energy modulation amplitudes A1 and A2 of the two seed lasers are both 4.8. For the 300-fs case, the maximum energy modulation amplitudes A1 and A2 are both 15.7. At the local manipulation position, the energy modulation amplitudes are all optimized to be 4. The energy modulation amplitude in MOD3 is about 5. The strength of DS1 is about 5.38. The harmonic number of the first stage EEHG is 20 and that of the second stage HGHG is 5. Hence, the total frequency up-conversion number is 100. Using the aforementioned theory, the squared bunching factors at the entrance of RAD1 and RAD2 with different time delays are shown in Figures 2A,C. The peak power of the seed lasers is also shown in Figure 2A. We can see that the smaller the relative time delay, the lower the peak power. In addition, we can obtain a qualitative analysis of the pulse durations based on the bunching factor distributions. Figure 2B shows a local enlarged image of Figure 2A that shows the bunching factor distributions in the overlapped region. One can find out that with the increase of the relative time delay, the pulse durations of the first-stage EEHG and the second-stage HGHG will both be shortened. We can also see that the first-stage EEHG has several side peaks, while the second-stage HGHG does not. To make comparisons, the squared bunching factors of the single-stage EEHG with the parameters optimized for the harmonic number of 100 are shown in Figure 2D, where one can also find that the bunching factor distributions under longer time delays will have narrower pulse durations. Also, the final pulse duration is comparable to that in the cascaded EEHG-HGHG scheme. However, considerable side peaks appeared in the single-stage EEHG scheme will result in similar longitudinal profiles of the FEL output, while in the cascaded EEHG-HGHG scheme, an isolated pulse can be generated.
[image: Figure 2]FIGURE 2 | (A) Squared bunching factors of the cascaded scheme at the entrance of RAD1 with different time delays and the corresponding power profiles of the seed lasers. (B) Zoomed bunching factors of Figure 2A. (C) Squared bunching factors of the cascade scheme at the entrance of RAD2 with different relative time delays of the two seed lasers. (D) Squared bunching factors of the single-stage EEHG scheme at the entrance of the radiator with different relative time delays of the two seed lasers.
Generally, the dispersion strength B2 of DS2 in the first-stage EEHG setup is critical to bunching properties. We demonstrate the optimization results of the bunching factor distributions with respect to different B2 values, as shown in Figure 3. Figure 3A shows a large-scale three-dimensional scanning map. In addition, we select the right hot spot to be the optimized value of B2 for a higher bunching factor and narrower width, which is 0.29 in dimensionless. Figure 3B shows the projection around the white dashed line. We can clearly see that there are many satellite side peaks along the bunching factor distributions. In addition, the satellite side peaks arising here can barely be eliminated. The reason is that, in the EEHG mechanism, the bunching properties are sensitive to the second modulation amplitude A2, which is gradually changing with respect to their longitudinal positions due to the practical power profile of the overlapped seed laser part. Furthermore, the satellite peaks will appear when the changing amplitudes A2 meet the local optimized conditions for a fixed given B2 value. However, in the cascaded EEHG-HGHG scheme, even though the side peaks are nearly inevitable in the first-stage EEHG, by selecting an appropriate dispersion strength of DS3, they can be eliminated in the second-stage HGHG. In MOD3, the modulation amplitudes are relatively large at the main peak and relatively small at the side peaks. After DS3, with an R56 value optimized for the main peak, density modulation at the main peak will show a higher bunching factor than that at the side peaks. Hence, the main peak will generate ultrashort FEL pulses in RAD2 without side peaks. The strength of DS3 is set to be 0.24 to meet the optimized condition of the HGHG section and eliminate the side peaks from EEHG.
[image: Figure 3]FIGURE 3 | Optimization of B2 of EEHG. (A) Squared bunching factor distributions with respect to different dispersion strengths B2. The white dashed line is the optimized strength of DS2. (B) Projection around the white dashed line.
3 EXPERIMENTS AT THE SOFT X-RAY FREE-ELECTRON LASER TEST FACILITY
With the aforementioned theoretical analysis, we have conducted calculations and experiments at the Shanghai Soft X-ray Free-Electron Laser Test Facility (SXFEL-TF) to demonstrate the performance of the method. The parameters of the SXFEL-TF are shown in Table 1. Cascaded EEHG–HGHG is the basic working scheme at the SXFEL-TF, in which the harmonic number of the first-stage EEHG is 6 and that of the second-stage HGHG is 5. We can eventually achieve 8.8-nm soft x-ray FEL radiation from the 264-nm ultra-violet external seed laser. Based on the typical parameters and configurations of the SXFEL-TF, we conducted the numerical calculations and practical experiments for our method with different relative time delays of the two seed lasers employed in the first-stage EEHG. The results are shown in Figure 4. In the calculations, the squared bunching factors after the first-stage sixth harmonic EEHG and after the second-stage fifth harmonic HGHG with respect to different time delays are shown in Figures 4A,B. We can see that although the maximum bunching factors are basically the same, the approximately equivalent pulse durations of the first-stage EEHG and the second-stage HGHG are both shorter for the relatively larger time delay of 133 fs. In comparison, the squared bunching factors of the single-stage 30th harmonic EEHG are shown in Figure 4C. We can clearly see that there exist side peaks beside the main bunching peak for the 133-fs time delay case, while for cascaded EEHG-HGHG, the final bunching factor distributions shown in Figure 4B are much cleaner.
TABLE 1 | Parameters for the SXFEL-TF experiments.[49].
[image: Table 1][image: Figure 4]FIGURE 4 | (A) Squared bunching factors of the first-stage EEHG with different time delays. (B) Squared bunching factors of the second-stage HGHG with different time delays. (C) Squared bunching factors of the single-stage EEHG with different time delays. Experimental results of the normalized reconstructed FEL power profiles for different time delays: (D) the first-stage EEHG-FEL pulses; (E) the second-stage HGHG-FEL pulses.
In the experiments, with the increase of the relative time delay of the two seed lasers, the pulse energy was also increased. The pulse energy is 30 μJ for the relative time delay of 133 fs, while for the 60-fs case, it is 10 μJ. The results of the experiments are shown in Figures 4D,E. We have reconstructed the normalized FEL radiation profiles with the relative time delay 0 fs, 60 fs, and 133 fs [48,49]. The power profiles shown in Figure 4D correspond to the first-stage EEHG, while Figure 4E corresponds to the second-stage HGHG. Figure 4D shows that there exist small side peaks in the first-stage EEHG radiation with the time delay being 60 fs and 133 fs, while Figure 4E shows that the second-stage HGHG can deliver single spike pulses with narrower durations. The duration of the FEL pulse from the first stage is about 85 fs (FWHM) for the 0-fs time delay case, and around 58 fs (FWHM) for the 60-fs and 133-fs delay cases, as shown in Figure 4D. The FEL pulse durations from RAD2 will further be shortened due to the pulse shortening effect [49–51]. The final pulse duration for the 0-fs time delay is about 57 fs (FWHM), for the 60-fs time delay is about 41 fs (FWHM), and for the 133-fs time delay is about 25 fs (FWHM), as shown in Figure 4E. These experimental results demonstrate that the proposed method can be used for pulse duration control in a seeded FEL by changing the relative time delay of the two seed lasers. However, the shortest pulse duration is limited to about 25 fs due to the slippage effect, which is about 18 fs in RAD2 in accordance with this experiment.
4 THREE-DIMENSIONAL SIMULATIONS BASED ON THE SOFT X-RAY FREE-ELECTRON LASER USER FACILITY
With a shorter radiation wavelength, it is possible to further reduce the output pulse duration due to the shorter slippage length. Here, we adopt the main parameters of the SXFEL user facility (SXFEL-UF), as shown in Table. 2, to perform three-dimensional start-to-end simulations. The schematic layout of the SXFEL-UF is shown in Figure 1. The initial beam is generated by Astra [52], a program package imitating the beam dynamics from a photoinjector, taking into consideration the space charge effects. The acceleration process in the LINAC is conducted with the beam tracking code ELEGANT [53], considering the coherent synchrotron radiation (CSR) and incoherent synchrotron radiation (ISR) effects. The final FEL amplification process is simulated by the 3D time-dependent code GENESIS [54]. Figure 5 shows the longitudinal phase space and current distribution of the electron beam using the end of the LINAC. In our simulations when generating shorter FEL pulses, the relative time shift should increase. At the same time, to keep a relatively large bunching factor at the local overlapped area, the energy modulation amplitudes increase too, and the pulse energy of the seed lasers should increase correspondingly. To maintain reasonable seed laser pulse energy, the maximum relative time delay of the two seed lasers is set to be 300 fs. To satisfy the modulation strength requirements at this position, the pulse energy of the seed lasers should change simultaneously with the relative time delay of the seed lasers changing. Thus, the two seed lasers employed in the first-stage EEHG both have a pulse duration of 150 fs (FWHM) and a maximal pulse energy of 480 μJ.
TABLE 2 | Parameters for the start-to-end simulations.
[image: Table 2][image: Figure 5]FIGURE 5 | Longitudinal phase space and current distribution of the electron beam by the end of the LINAC of the SXFEL-UF.
Figure 6 shows the FEL performances in the first and second stages. At the entrance of RAD1, the maximum bunching factor is about 9%, as shown in Figure 6A. Figure 6B shows an ultrafast 13.3 nm radiation with a peak power of about 300 MW, and a pulse duration of about 36 fs (FWHM) is generated through RAD1. We can see that there exist satellite side peaks. The corresponding spectrum is shown in Figure 6C. After DS3, the maximum bunching factor at the entrance of RAD2 is about 1.2%, and a final FEL pulse at 2.66 nm is obtained over a 200-MW peak power through RAD2, as shown in Figures 6D,E. The final FEL pulse duration can also be efficiently shortened to about 5.2 fs. The corresponding spectrum is shown in Figure 6F. For seeded FELs, the dispersion strength has an important impact on the output pulse properties [45,46]. Thus, to obtain a shorter pulse duration, the R56 value of DS3 is chosen to be a little bit weaker than the calculated optimized value, and the bunching factor is also smaller than the calculation results. According to the equations in Section 2, this weaker R56 value will be of significant benefit to smearing out the density modulation of the side peaks, thus shortening the final FEL pulse duration in RAD2.
[image: Figure 6]FIGURE 6 | (A) Squared bunching factor of the simulation results at the entrance of RAD1 with a harmonic number of 20. (B) Power of the EEHG-FEL radiation. (C) Spectrum of the EEHG-FEL radiation. (D) Squared bunching factor of the simulation results at the entrance of RAD2 with a harmonic number of 5. (E) Power of the HGHG-FEL radiation. (F) Spectrum of the HGHG-FEL radiation.
The evolution of the pulse duration and the corresponding spectrum along RAD2 has also been shown in Figure 7. The FEL radiation pulse has a pulse duration of about 4.41 fs at the exit of the first undulator segment. After that, the pulse duration is increased by approximately 1.12 fs per undulator segment and finally increases to about 5.2 fs after a total of four undulator segments, as shown in Figure 7B. Due to the slippage effects, the pulse duration of the final FEL at the exit of RAD2 will always be several times the slippage length, which will be a limitation to generate even shorter FEL radiation pulses.
[image: Figure 7]FIGURE 7 | (A) Radiation power profiles at various undulator segments along RAD2. (B) FEL pulse duration and spectral bandwidth evolutions at various undulator segments along RAD2.
We also provide the simulation results of controlling the final FEL pulse durations at a wavelength of 2.66 nm with different time delays from 120 fs to 300 fs. Figure 8 shows that for the relative time delay of 120-fs case, the final pulse duration from RAD2 is about 65 fs. Also, with the increase of the relative time delay, the pulse duration can gradually be decreased. For the 300-fs time delay, the final FEL pulse duration is only about 5.2 fs, as we have presented previously. Moreover, to maintain the optimized condition of the bunching factor, the pulse energy of the seed lasers should be increased accordingly. In our simulation, the seed laser pulse energy for 120-fs time delay is about 30 μ J, while for the 300-fs time delay, it is increased to more than 480 μ J. The required seed laser pulse energy grows rapidly with the increase of the relative time delay.
[image: Figure 8]FIGURE 8 | FEL pulse duration and spectral bandwidth with respect to different relative time delays between the two seed lasers.
5 CONCLUSION
In this article, we have studied a simple method to generate few-femtosecond fully coherent ultrashort soft X-ray FEL pulses and control the final FEL pulse durations in a seeded FEL. This method also holds promising prospects for generating fully coherent ultrashort FEL radiation pulses in high-repetition-rate FEL facilities. By changing the relative time delay and correspondingly the pulse energy of the two seed lasers employed in EEHG, bunching properties of the electron beam can be manipulated and ultrashort FEL pulses can be generated. Based on the SXFEL, we studied the performances of the method through theoretical analysis, numerical simulations, and practical experiments. The experimental results are consistent with the theories and simulations. The simulation results indicate that an isolated 5.2-fs FEL pulse at 2.66 nm can be obtained with a peak power of about 200 MW, and the pulse duration is controllable with respect to the relative time delay. The final output FEL radiation pulse duration is essentially limited by the slippage length in the radiator, indicating that even shorter pulses can be generated at higher harmonics.
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