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Abstract

:

The Shanghai soft X-ray Free-Electron Laser facility (SXFEL), which is the first X-ray FEL facility in China, is being constructed in two phases: the test facility (SXFEL-TF) and the user facility (SXFEL-UF). The test facility was initiated in 2006 and funded in 2014. The commissioning of the test facility was finished in 2020. The user facility was funded in 2016 to upgrade the accelerator energy and build two undulator lines with five experimental end-stations. The output photon energy of the user facility will cover the whole water window range. This paper presents an overview of the SXFEL facility, including considerations of the upgrade, layout and design, construction status, commissioning progress and future plans.
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1. Introduction


Free-electron lasers (FELs), capable of providing high power and tunable coherent radiation, have witnessed an impressive development in the last decades. To date, several X-ray FEL facilities, such as FLASH [1], LCLS [2], SACLA [3], FERMI [4], PAL-XFEL [5], SwissFEL [6], European XFEL [7], SXFEL [8,9,10], LCLS-II [11] and SHINE [12], have been built or are under construction worldwide. Most of these facilities have adopted self-amplified spontaneous emission (SASE) [13,14] and high-gain harmonic generation (HGHG) [15,16] as basic operations modes. In order to generate fully coherent radiation in the X-ray range, several advanced schemes, including echo-enabled harmonic generation (EEHG) [17,18], cascaded HGHG/EEHG [19,20] have been proposed and experimentally demonstrated at NLCTA [21,22,23,24], SDUV-FEL [25,26], FERMI [27,28] and SXFEL [29].



The SXFEL project proceed in two phases, the test facility (SXFEL-TF) and the user facility (SXFEL-UF). The SXFEL-TF has two purposes, including developing high gain FEL technologies and promoting FEL research in China, which can accumulate the indispensable technical experience for constructing and utilizing the hard x-ray FEL facility. The SXFEL-TF was approved by the government and started civil construction in 2014. The construction of the building and the first-round installation were finished in 2016. Then it was followed by several years of alternate construction and commissioning, finally the test facility achieved all the design goals in the summer of 2020, including the demonstration of two-stage HGHG-HGHG cascade and two-stage EEHG-HGHG cascade schemes. Compared to the HGHG-HGHG scheme, the EEHG-HGHG scheme shows better spectral properties, such as narrower bandwidth and better central wavelength stability at 8.8 nm. The output peak power is over 100 MW and pulse duration is about 100 fs. The test facility passed national acceptance at the end of 2020.



The SXFEL user facility is upgraded and integrated based on the test facility, including linac energy upgrade, construction of new undulator line, beamlines, end-stations, experimental hall, etc. The project was funded and the civil construction was started in 2016. The commissioning of the SXFEL-UF started in spring of 2021.




2. Main Parts of the SXFEL User Facility


2.1. Schematic and Parameters


The SXFEL user facility comprises one linac, two undulator lines, two beamlines and five end-stations.



The linac can provide a high-quality electron beam with energy of 1.5 GeV, charge of 0.5 nC, peak current of about 700 A and normalized project emittance of about 1.5 mm·mrad. A beam distribution switchyard lies downstream of the transport line after the linac, distributing the beam to two downstream undulator lines while maintaining the quality of the electron beam. Two undulator lines, a SASE line and a Seeding line, will produce FEL radiation with the shortest wavelength of about 2 nm and 3 nm, respectively. Two helical undulators located at the end of the seeding FEL line aim to provide polarization-controllable, fully coherent radiation pulses.



Two beamlines, located downstream of the undulator lines, measure the pulse energy and the spectral properties of the radiation pulse online, and transport the radiation pulses to the end-stations. Five experimental end-stations, downstream of the whole facility, hold the ability to carry out various experiments including coherent diffraction imaging [30], ultra-fast physics [31], AMO [32], pump-probe [33], etc. The schematic layout of the SXFEL-UF and the SXFEL-TF are given in Figure 1, showing the differences between the test facility and the user facility. The main parameters of the electron beam and the radiation at SXFEL-UF are listed in Table 1.




2.2. Linac


The linac of SXFEL-UF includes a photocathode injector to generate a high-quality electron beam, a laser heater (LH) to suppress the microbunching instability, three main boosting sections (L1, L2 and L3) to accelerate the beam to 1.5 GeV, two-stage chicanes (BC1 and BC2) to compress the beam and the beam transport line for beam matching and transportation. Upgradations are performed including LH, BC2, several C-band accelerating sections and the beam transport line.



In the injector, a temporal Gaussian-like drive laser, instead of the pulse stacking scheme, is adopted to suppress the microbunching instability [34], coordinated with the laser heater system. The 125 MeV electron beam, generated in the S-band injector with a charge of 0.5 nC and pulse duration of about 10 ps, is boosted to 250 MeV in the L1 S-band accelerating section. An X-band linearizer is used to compensate the quadratic term of the energy chirp [35]. The electron beam is then compressed to about 700 A in the downstream bunch compressor chicane (BC1) and accelerated to about 1.5 GeV in C-band L2 and L3, as shown in Figure 2. The second bunch compressor (BC2) is usually not used, aiming to suppress the microbunching instability.



The 35-mm-aperture transport line delivers the beam to the switchyard section. The longitudinal wakefield of the accelerating structures and the resistive wall wakefield of the transport line lead to the “banana”-like longitudinal phase space of the electron beam. The phase space evolution of the electron beam, simulated by ELEGANT [36], are given in Figure 3. The designed parameters are listed in Table 2.




2.3. Switchyard


As is described above, there are two undulator lines with different FEL parameters and different operation modes available in SXFEL-UF. For feeding the two undulator lines with one linac, a beam switchyard is installed between the linac and the undulator section. A fast kicker which is programmable for bunch-by-bunch separation of the 50 Hz electron beam is used for directing the beam to the two undulator lines, respectively. When the kicker is off, the beam goes straightly to the SASE undulator line; while when the kicker is on, the beam is kicked horizontally and heads to the seeding undulator line through a dog-leg. A schematic of the switchyard is shown in Figure 4.



The switchyard should perform a beam deflection with the least perturbation as possible to the beam quality from the linac, particularly for the seeded FEL. To realize this, the beam switchyard line is designed to be a dual-DBA dog-leg structure, which consists of two symmetrical double-bend-achromat (DBA) and a matching section in between [37]. The kicker acts as the first bending magnet of the entrance DBA and the successive deflection is finished by three dipole magnets. The total deflection angle of the dog-leg is about 6° and the total length is about 39 m.



The optics of the beam switchyard are designed to be mirror symmetrical. For minimizing the CSR induced emittance growth, the beam size at the bending magnets is optimized to be very small for reducing the CSR kick. Meanwhile, the matching section between two DBAs is optimized to be a 𝜋 phase shifter for cancelling the CSR kick in the bending magnets, i.e., the “optics balance” method [38]. For suppressing the micro-bunching instability, a micro-bend is inserted in the middle of each DBA. A small reverse deflection angle to the DBA provides a compensation to the R56 of the DBA and thus a locally isochronous condition is realized. The lattice functions of the beam switchyard are shown in Figure 5 (left).



A start-to-end tracking from the linac end throughout the beam switchyard is performed by the code Elegant  [36]. The results show a well-preserved beam quality along the switchyard section. With the designed optics, the emittance growth is less than 10%, shown in Figure 5 (right). Negligible longitudinal phase space distortion and microbunching growth are observed with the isochronous configuration, as shown in Figure 6.




2.4. Undulator Lines and the FEL Performance


After the switchyard, the electron bunches are separately directed into two undulator lines: one is a newly built SASE line and the other is a seeding line upgraded from the test facility with some new undulator segments. The seeding line will be operated with either the single-stage EEHG [39] or EEHG-HGHG cascade scheme [10]. The layouts for these undulator lines with different setups are shown in Figure 7 and Figure 8.



The SASE line consists of ten 16-mm-period in-vacuum undulators with minimum working gap as small as 3.7 mm and K of about 1.8. With a beam energy tuning from 0.8–1.35 GeV, the FEL radiation of this undulator line can easily cover the water window range. The shortest wavelength achievable is about 2 nm. Figure 9 shows the Genesis [40] simulation results of the SASE output at 2 nm, where the FEL saturation appears at around 40 m with the peak power of about 120 MW. The relative bandwidth (FWHM) of the SASE pulse at saturation is about 5 × 10−4. In Figure 7, one can also find small chicanes between the undulator segment, which are designed for advanced operation options, such as Optical Klystron [41,42], high-brightness SASE [43], fresh-slice [44,45], etc.



For the seeding undulator line, there are two basic operation modes: single stage EEHG and EEHG-HGHG cascade. Two 80-mm-period modulators with total length of 1.5 m are adopted for the energy modulations of EEHG. The long radiator consists of 18 undulators with four different types. The first undulator (diagnostic undulator) of the radiator is designed for the optimization of the EEHG at different harmonics. With two magnetic periods, 30 mm and 50 mm, that can be switched horizontally, this undulator can cover the wavelength from 3 nm to 66 nm, as shown in Figure 10, which is 4th–90th harmonics of the 266 nm seed laser, for a fixed beam energy. After the diagnostic undulator, there are five 30-mm-period undulators (U30) followed by 10 undulators with the period of 23.5 mm (U235), as shown in Figure 8a. By replacing the 6th and 8th undulators of the radiator with 3-m-long chicanes and the 7th undulator with a 30 mm-period undulator, the seeding line can also operate with the EEHG-HGHG cascade scheme. It is worth noting here that the U30s are designed for the FEL cascade operation modes. It is not used for generating FEL pulses for users since the source point of U30 will be moved significantly upstream with respect to that of U235.



Figure 11 shows the simulation results for a single stage EEHG with the output wavelength at around 5.9 nm. The bunching factor of EEHG at about 5.9 nm is around 8%, which is large enough to initiate coherent radiation in the following radiator. The saturation length is about 15 m. The peak power of output is about 800 MW with the transform-limit bandwidth.



For the 3 nm radiation, with a harmonic number of 90, one can find in Figure 11a that the bunching factor is relatively small, of about only 3%. In addition, the bunching at the 90th harmonic is very sensitive to various machine parameters and 3D effects. As a result, the initial coherent radiation at 3 nm from a single-stage EEHG is relatively weak, as shown in Figure 12. The small initial bunching factor, together with the relatively large laser induced energy spread, result in a long saturation length of over 30 m for the single-stage EEHG. By using the EEHG-HGHG cascade with the first stage operated at 5.9 nm (45th harmonic) and the second stage operated at 3 nm (2nd harmonic), the bunching factor at about 3 nm in the second stage (HGHG) will be larger than 20% with a small laser induced slice energy spread, which helps to achieve higher peak power with very short undulator of only 10 m, as shown in Figure 12. In addition, the EEHG-HGHG cascade holds the possibility to achieve coherent radiation at even shorter wavelength.





3. Various Types of Undulators for SXFEL-UF


The SXFEL undulator parameters for seeding line and SASE line are listed in Table 3. Variable gap is realized with four independent servo motors for all the undulators. The challenges during fabrication include mass production, precise alignment, and synchronized motion. The SASE line mainly consists of ten in-vacuum undulators with 16 mm period, whereas the seeding line consists of ten U23.5 with period 23.5 mm, six U30 with period 30 mm and two elliptical polarization undulators EPU30, as shown in Figure 13. C-type mechanical frame has been adopted for all undulators. The motion control is based on Beckhoff PLC system and the gap measurement is achieved from absolute linear encoders. All electrical control boxes are fixed at the undulator support structure and therefore installed in the undulator tunnel. An IVU16 magnet assembly is mounted onto an extruded aluminum girder inside a two-side open-able vacuum chamber, thus magnetic performance of IVUs can be optimized with high precision hall probe even after the magnets have been put inside vacuum chamber. After magnetic field optimization at different gaps, the magnetic axis can be transferred to mechanical fiducial marks by a laser tracker system.




4. Commissioning Status


The civil construction of the SXFEL-UF undulator tunnel and experimental hall started in November 2016 and finished in 2018. The installation and commissioning of main components followed and continued until 2021.



4.1. Linac


The linac commissioning finished in April 2021. The main commissioning results are summarized in Figure 14. The C-band deflecting cavity and the dipole magnet system is adopted to measure the longitudinal phase space of the beam. The beam energy is set to be 1.35 GeV with pulse duration of about 1 ps. The bunch charge is about 600 pC and the normalized project emittance (95%) is about 1.5 to 2.0 μm. Feedback systems, including the orbit feedback, bunch length feedback, drive laser feedback and energy feedback, are working well, ensuring the stability of the beam.




4.2. SASE FEL Line


The commissioning of the SASE FEL line started by the end of March 2021. Matching was performed first by using the quadrupoles upstream of the undulator. The first lasing of SASE at 5.6 nm was achieved at the end of April 2021. After that, saturations of SASE at 5.6 nm, 3.5 nm, 2.4 nm and 2.0 nm were achieved successively.



The radiation has been delivered to beamline and end-station since May 2021. After careful tuning and optimization, the FEL pulse energy reaches a few hundred micro-joules and the short-term stability can be better than 10%. The first set of test experiments have been performed at the coherent diffraction imaging end-station with 2.4 nm FEL radiation and the designed imaging resolution has been achieved.




4.3. Switchyard and Seeding FEL Line


The commissioning of the Switchyard and Seeding FEL line just started at the beginning of November 2021. Some main commissioning results of the switchyard are shown in Figure 15. After passing through the switchyard, the electron beam quality had been well maintained. The residual dispersion after the switchyard is less than 2 mm with a slight optimization of the magnets in the two DBA cells around theoretical values. Transverse beam position jitter after the switchyard is less than 5% RMS relative to the beam size. With the optimized optics, only an acceptable emittance growth is observed after the switchyard compared with the exit of the linac. Beam matching had been applied to control the beam size in the undulator line. The first step for the commissioning of the seeding line starts from the tuning of SASE with the long radiator of EEHG. Recently, the lasing of SASE at 7.5 nm with the first six radiator undulators (U30) has been achieved.





5. Conclusions


The construction of the SXFEL-UF has been finished and the commissioning is in progress. With upgraded linac and a new SASE undulator line, stable soft X-ray pulses with pulse energy of several hundreds of micro-joules and photon energy covering the full water window range have been produced. The commissioning of the switchyard and the seeding line are still under way. The SXFEL-UF will open for users in 2022.
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Figure 1. Schematic layouts of the SXFEL: from test facility (upper) to user facility (lower). 
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Figure 2. Schematic layout of the main linac of the SXFEL-UF. 
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Figure 3. Longitudinal phase space evolution of the electron beam at the exit of the (a) injector, (b) BC1, (c) main linac, and (d) transport line. 
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Figure 4. Schematic layout of the beam switchyard of SXFEL-UF. 
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Figure 5. Lattice functions (left) and emittance evolution (right) of the beam switchyard. 






Figure 5. Lattice functions (left) and emittance evolution (right) of the beam switchyard.



[image: Applsci 12 00176 g005]







[image: Applsci 12 00176 g006 550] 





Figure 6. Beam longitudinal phase space at the end of the beam switchyard. 






Figure 6. Beam longitudinal phase space at the end of the beam switchyard.



[image: Applsci 12 00176 g006]







[image: Applsci 12 00176 g007 550] 





Figure 7. Schematic layout of the SASE line. 
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Figure 8. Schematic layouts of the seeding line with different setups: (a) single-stage EEHG; (b) EEHG-HGHG cascade. 
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Figure 9. Simulation results for SASE at 2 nm: radiation pulse (left) and single-shot spectrum (right) at saturation. 
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Figure 10. The wavelength coverage of the diagnostic undulator with different periods for a fix beam energy of 1.35 GeV. 
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Figure 11. Simulation results of the single stage EEHG at 5.9 nm: (a) bunching factor distribution for various harmonics; (b) gain curve and the single-shot spectrum at saturation. 
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Figure 12. Comparison between a single-stage EEHG and EEHG-HGHG cascade with the wavelength of about 3 nm. 
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Figure 13. SXFEL undulators in tunnel: (a) yellow color U23.5 and U30; (b) blue color EPU; (c) red color IVU16. 
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Figure 14. Main commissioning results of the linac after upgrade. 
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Figure 15. Main commissioning results of the beam switchyard. 
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Table 1. Main parameters of the SXFEL-UF.
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Parameter

	
Values

	
Unit






	
linac




	
Electron energy

	
1.5

	
GeV




	
Project energy spread (rms)

	
≤0.1

	
%




	
Normalized project emittance (rms)

	
≤1.5

	
mm·mrad




	
Bunch charge

	
0.5

	
nC




	
Peak current

	
≥700

	
A




	
Undulator




	
SASE line




	
Central wavelength

	
~2

	
nm




	
Output peak power

	
≥100

	
MW




	
Seeding line




	
Central wavelength

	
~3

	
nm




	
Output peak power

	
≥100

	
MW
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Table 2. Designed parameters of the linac.
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	Section
	Energy (MeV)
	Pulse Duration (ps, FWHM)
	Gradient (MV/m)
	RF Phase/Bend Angle (deg)
	R56 (mm)





	L1
	250
	10
	20
	−30.5
	-



	X
	235
	10
	16
	180
	-



	BC1
	-
	0.8
	
	3.968
	−48



	L2
	640
	0.8
	38
	5
	-



	BC2
	-
	0.8
	
	0
	0



	L3
	1500
	0.8
	38
	5
	-
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Table 3. Parameters of SXFEL undulators.
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SASE

	
Seeding






	
Model

	
IVU16

	
EPU20

	
U23.5

	
U30/50

	
EPU30




	
Period Length (mm)

	
16

	
20

	
23.5

	
30/50

	
30




	
Min. gap (mm)

	
3.8

	
6.7

	
8.75

	
9

	
9.3




	
Effective field (T)

	
1.14

	
0.8

	
0.65

	
0.8/1.18

	
0.8




	
Magnet

	
SmCo Br = 1.13 T

	
NdFeB Br = 1.3 T

	
NdFeB Br = 1.25 T

	
NdFeB Br = 1.25 T

	
NdFeB Br = 1.25 T




	
Magnet Structure

	
IVU-Hybrid

	
APPLE-III

	
Hybrid

	
Hybrid:

switchable

	
APPLE-II
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