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The Shanghai high-repetition-rate XFEL and extreme light facility (SHINE) plans to install several elliptically polarizing undulators (EPUs) as afterburners behind the planar undulator section to obtain nearly saturated circularly polarized free-electron laser (FEL) radiation. Therefore, the SHINE R&D project needs to develop a 4-m-long EPU with an effective magnetic field of 1.5 T, a period of 68 mm, and a minimum gap of 3 mm. A magnetic force compensation EPU prototype has recently been built and tested at the Shanghai Synchrotron Radiation Facility (SSRF) based on the addition of permanent magnets. This prototype can realize magnetic compensation under various polarization modes in all working gaps, thereby reducing the deformation of the girders and maintaining sufficient rigidity of the mechanical structure. A girder deformation monitoring system was established to obtain real force compensation feedback. The final magnetic field measurement results meet the physical requirements, and the proposed scheme can be used as an alternative to the EPU with a high magnetic field and large magnetic force.
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1 INTRODUCTION
The Shanghai high-repetition-rate XFEL and extreme light facility (SHINE) is currently under construction. Based on the 8-GeV CW superconducting RF (SCRF) LINAC [1, 2], SHINE can generate 0.4–25 keV photon radiation from three undulator lines (Figure 1). SHINE has three beam lines and nine experimental stations, with high peak brightness and average brightness, a high repetition rate (up to 1 MHz), and femtosecond-level super-fast pulse characteristics. Additionally, SHINE has a nano-level spatial resolution and femtosecond-level ultrafast temporal resolution. The total length of the SHINE project is approximately 3.2 km, including the accelerator, undulators, beam line tunnels, experiment halls, low-temperature factory, and auxiliary facilities. The free-electron laser (FEL) comes from the coherent superposition of the radiation and the coherent amplification of the electromagnetic field. To keep most of the electrons in an energy-releasing state, a fixed-phase relationship is required between the electrons and the radiation based on the well-known resonance condition [3] given as follows:
[image: image]
The FEL wavelength [image: image] depends on the Lorentz factor [image: image], which represents the energy of the electron beam energy, undulator period [image: image], deflection factor [image: image], harmonic number [image: image], and observing angle [image: image]. According to the requirements of the scientific experiments, the three undulator lines use different parameters to achieve independent adjustable X-rays with the same electron energy and different undulator period lengths (16 mm for FEL-I, 68 mm for FEL-II, and 16 mm for FEL-III). For SHINE, 8 GeV was selected for the electron energy. It would be difficult to cover the required higher photon energy with a lower electron energy (e.g., 6 GeV), while a higher electron energy (10 GeV) would lead to a significant increase in the project cost. The 8-GeV beam energy combined with the current undulator parameters can cover the photon radiation range and satisfy the light intensity required by scientific users. An upgrade is possible in the future if required.
[image: Figure 1]FIGURE 1 | Layout of the undulator lines of the SHINE project. Left: undulator system. Right: FEL-I&II tunnel.
In the SHINE project, FEL-II produces soft X-rays from 0.4 to 3 keV with planar undulators, which can easily produce a high magnetic field strength and are both conducive to FEL gain and cost-efficient. The planar undulator shows a better perfect magnetic field performance than the EPU, which is beneficial for FEL amplification saturation. The X-ray FEL device with planar undulators only produces linearly polarized light, and the polarization state cannot be changed. Partly as a result, a polarization control scheme is planned using EPUs as an afterburner. The main parameters of the EPU are shown in Table 1. The period length is 68 mm, and the total length is 4 m. The effective magnetic field is required to reach 1.5 T for horizontal, vertical, and circular polarization, and the root mean square (RMS) phase error requirement is less than 12°.
TABLE 1 | Main parameters of the FEL-II EPU (EPU68 prototype).
[image: Table 1]2 SELECTION STRATEGIES FOR THE EPU
Among the variable polarizing undulators (VPUs) running on most third-generation storage ring light sources, the APPLE II [4] configuration can provide the strongest magnetic field. An APPLE II undulator consists of two pairs of diagonal Halbach I magnet arrays, in which at least one pair of diagonal magnet arrays can be moved in longitudinal synchronization to control the polarization mode, and the distance moved is called the phase. Later, an inclined mode was proposed, whereby a set of diagonal girders moved the same phase in the opposite direction, and the axis of polarization of linear polarized light would tilt within 0° and 90°. In contrast to the earlier proposed Apple I configuration [5, 6], the magnetization direction of the Apple II configuration is optimized to be completely perpendicular, which provides a higher on-axis magnetic field in the linear polarization mode and a larger uniform field region. However, this large-field region and the matching rectangular vacuum chamber with a wide transverse dimension are unnecessary for the single-pass beam in the FEL device. In 2004, Bahrdt [7] proposed the Apple III configuration, which had three differences to the APPLE II configuration: 1) the vertical gap was compressed, 2) the magnets were chamfered to accommodate the circular vacuum chamber, and 3) the easy axis of the vertical magnets was rotated by 45°. These improvements allowed for a 40% increase in the magnetic field strength when a vacuum chamber of the same size is configured. Figure 2 shows the direction of easy-magnetization axes (one-way black arrow) and girder movement (two-way orange and yellow arrows) when these structures are in phase zero.
[image: Figure 2]FIGURE 2 | From left to right: cross sections of the APPLE I, II, III, and X configurations. The four Halbach magnet arrays of the three configurations on the left are located on two girders, i.e., the vertical gap is adjustable, while the transverse slit is fixed. The latest APPLE X configuration has four independent magnet arrays that move radially.
Unlike the aforementioned variable-gap APPLE-type undulators (VGUs), the first choice for a high-field EPU is a fixed-gap design, called Delta, which has a more compact structure [8–10]. This fixed-gap design ensures the magnetic arrays are always kept at the minimum gap, although the permanent magnets are likely to be damaged by radiation. The magnetic measurement is very difficult to complete, especially for a long undulator. The magnetic arrays cannot be fully opened for the initial commissioning of the accelerator, but the minimum gap can be determined experimentally. In addition, it has recently been reported that phase-shift undulators have an intrinsic problem with field gradients [11].
The second solution for a small-gap EPU is to place the magnets in vacuum based on force compensation technology. This enables a compact structure to be achieved within a chamber for high-magnetic field VGUs. During the past 10 years, different types of magnetic force compensations for planar undulators have been implemented or prototyped [12, 13] at several SR facilities. To obtain a high-field EPU, the magnetic force compensation technology is now attractive to some facilities. Based on the traditional APPLE II configuration, in 2019, Bahrdt and Grimmer [14] proposed a design to overcome difficulties in realizing APPLE-type in-vacuum undulators (IVUs), which are based on magnetic force compensation with additional magnetic arrays, and facilitate the phasing operation in the undulator. Recently, they proposed the development of a cryogenic APPLE undulator [15] using the same scheme. In 2020, Kinjo and Tanaka [16] presented a spin-EPU structure for the realization of polarization control in IVUs. Although the available polarization state was limited compared to the conventional APPLE undulators, the structure and operation of the undulator based on the proposed scheme were much simpler, and it could, therefore, be easily implemented in IVUs. Additionally, the magnetic force in the proposed undulator could be reduced to a negligible level by carefully optimizing the dimensions and positions of magnet arrays, without any special equipment.
The third strategy to develop a high-field small-vertical gap EPU is to increase the rigidity of each magnet array girder by independently using a strong carrier beam with the APPLE X structure proposed at the Paul Scherrer Institute (PSI) in 2016 [17, 18]. The four girders of the APPLE X undulator require an independent motion system and a mechanical support beam. The magnetic design is fully symmetric for all gaps and uses Delta-type magnets with 45° magnetization. The magnetic measurement is conducted with a set of hall probes in the minimal vertical gap. The APPLE X undulator can generate gradients for the ultra-high bandwidth mode [19]. It is notable that this structure has the benefit of being without longitudinal forces in the inclined mode. The disadvantage is that the section size of the APPLE X structure is larger than that of the traditional vertical gap movement APPLE structure.
The magnetic gap of the SHINE project 4-m-long EPU needs to be reduced to 3 mm to achieve the required magnetic field. For a 3-mm magnet vertical gap, an IVU may be suggested if the cost and complexity are not considered. Due to the limited number of rigid connections, systematic gap errors can easily arise for a small-gap IVU. Micron-level deformation will lead to a very large magnetic field variation, which is bound to affect the radiation phase error. During the transition of different polarization modes, the magnitude and direction of the magnetic force of the magnet arrays change synchronously. The deformation variation from horizontal to vertical polarization is very large, and the magnetic field performance is very difficult to guarantee for different polarizations.
To expand the photon energy range and add as much polarization control of FEL as possible, two undulator lines in one tunnel is an effective approach. This has been shown to greatly improve the efficiency of the FEL device. In the SHINE project, FEL-I and FEL-II are being constructed in the same tunnel, as shown in Figure 1. The size of accelerator equipment should meet the horizontal width limit of less than 1,200 mm, and a sufficient installation path needs to be reserved.
Based on the aforementioned analysis, we chose the traditional C-type and in-air mechanical structure to reduce the cost and complexity, adopted the APPLE III magnet configuration to meet the requirement of a 1.5-T effective field for vertical linear polarization, and used the three-dimensional magnetic force compensation scheme to reduce the overall size of the undulator. In Sections 3 and 4, the magnet design, including the force compensation, is presented to explain the crucial points for the EPU68 prototype. In Sections 5 and 6, the mechanical structure, analysis, and comparison results of the force compensation are displayed. In Section 7, magnetic field measurements of the EPU68 prototype are presented.
3 MAGNETIC DESIGN
The APPLE III magnet configuration was used to achieve the required magnetic field performance for the EPU68 prototype. The overall structure, including the additional magnets, is shown in Figure 3, and the coordinate system described in this article is also represented. The red and blue magnets in the center are called functional magnets (FMs) in this paper. The minimum gap is the same as the slit, both of which are 3 mm. The four groups of green Halbach I magnet pairs around them are the compensation magnet (CM) array, which are divided into left/right CM and top/bottom CM pairs. The EPU68 prototype uses neodymium–iron–boron (NdFeB) permanent magnets (N38EH grade or above) as the magnetic field source of the undulator. The minimum remanence (Br) is at least 1.25 T, the intrinsic coercive field (Hcj) associated with the magnetization curve is not less than 2,400 kA/m, and Hk is not less than 2,300 kA/m at 25°C. The size of the FMs is 25 × 25 mm2, with a 3-mm chamfer near the electron beam position. The horizontal slit between the fixed and moving girder is the same as the vertical gap. Around the center, there is a rhombus-shaped space for a vacuum chamber. The effective field can reach 1.5 T (peak field 1.47 T) in the linear polarization mode and 1.5 T (peak field 1.06 T both in X and Y directions) in the circular polarization mode.
[image: Figure 3]FIGURE 3 | The undulator consists of four FM arrays (orange and blue) and eight CM arrays (green).
Considering the magnetic field measurement requirements of the EPU68 prototype and the design difficulty of the vacuum chamber, the vacuum chamber was made of stretched aluminum placed in the middle of the gap, as shown in Figure 3. The requirement for a minimum gap of 3 mm resulted in great difficulty in the design and processing of the vacuum chamber. The vertical gap of the CM arrays for vertical magnetic compensation was, therefore, relaxed to 10 mm. The size of the left/right CMs was increased to achieve better results. The prototype magnet parameters are shown in Table 2. For all FMs, the magnetization angle was precisely perpendicular to the base faces, the maximum deviation angle was less than ±1.0°, and the magnetization uniformity was less than 1.0%. For all CMs, the specifications of the required magnetization angle and uniformity are reduced to ±2.0° and 2.0%, respectively.
TABLE 2 | Main design parameters of the EPU68 prototype.
[image: Table 2]4 FORCE COMPENSATION BY CMS
The EPU68 prototype required an effective magnetic field of 1.5 T for both linear and circular polarizations, as shown in Figure 4, which is an unusually high-magnetic field design for an EPU in the world. The magnetic force between the upper and lower girders of the 4-m-long undulator was nearly 8 tons at the minimum gap. Under such a large magnetic force, the forced deformation of the girders had a significant effect on the magnetic field quality of the prototype. For the EPU68 prototype, not only did the magnetic force for each girder change when the magnetic gap changed but also at the same magnetic gap, the magnetic force is also changed from −4 to 2 tons during phase shifts. This is also shown in Figure 4. With a change in the direction of the magnetic force, the attractive force between the back beams became a repulsive force when the phase shift was half period. The decrease in the mechanical deformation of the magnet girder under the action of a magnetic force is the key to the quality assurance of magnetic field performance. Due to the CMs, the force variation between shift = 0 and 34 mm was successfully reduced from 60 to 6 kN for both the vertical and horizontal directions, as shown in the right side of Figure 4.
[image: Figure 4]FIGURE 4 | Shift-dependent variation parameters at the minimum gap: Bx_peak/fx (red), By_peak/fy (green), and Bz_peak/fz (blue). Left: magnetic field. Center: magnetic force on the moving girders before compensation. Right: magnetic force on the moving girders after compensation, calculated with the RadiaCode [20].
To ensure the high quality of the undulator magnetic field and the safety and stability of the undulator mechanical system, the rigidity and stability of the beams can be increased; however, this would make the design of the entire mechanical structure of the undulator more complex, larger, and much more expensive. Another option is the addition of two magnet arrays on each girder to produce opposite forces in the vertical and horizontal directions, as shown in Figure 3. Depending on the CM arrays, the forces acting on the moving girders can be reduced to a very low value. The magnetic force variation of each moving girder had a very satisfactory result of less than 6 kN at the minimum gap of 3 mm during the phase change between the zero phase and half-period phase. The magnetic force variation during the gap opening of each moving girder was reduced to less than 10 kN, which is also shown in Figure 5. To visually compare the force of each magnet array, the force direction of all arrays in the different phase shifts at the minimum gap is shown in Figure 6. The value of the force at the maximum gap of 150 mm is provided for comparison in Table 3.
[image: Figure 5]FIGURE 5 | Magnetic force on a moving girder after compensation at different gaps: fx (red), fy (green), and fz (blue). Left: shift = 0 mm. Right: shift = 34 mm.
[image: Figure 6]FIGURE 6 | Schematic representation of the force loads on a moving girder at the minimum gap of 3 mm (shift = 0, 17, 34 mm).
TABLE 3 | Three forces acting on different magnet arrays of a moving girder at the minimum and maximum gaps. (For example: when the shift changed by 0, 17, and 34 mm, the horizontal force fx marked as +30→ 0 → −40 at the maximum gap of 150 mm).
[image: Table 3]5 MECHANICAL STRUCTURE AND MOTION CONTROL
Figure 7 shows the structure of the EPU68 prototype, illustrating the support structure and drive systems. The support structure had a “C” frame design, which was convenient for the magnetic measurements and device installation. The adjusted base with six kinematic floor mounts had a welded steel structure, and the adjusted ranges for z direction were ±6 mm and ±10 mm in the x and y directions, respectively. Two vertical columns with two horizontal columns to strengthen the rigidity were mounted to the base. Four cube steel tubes, which connect the base and vertical columns, further strengthened the stability of the support structure. The vertical columns supported four roller screw assemblies, which enabled the vertical movement of the upper and lower beams. The support frame and the backing beams were made of cast iron to ensure a small mechanical deformation during phase changes. The fixed girders and moving girders were made of an aluminum alloy. The fixed girder supported the moving girder with two sets of crossed roller slides. The moving girder can move along the two guides mounted between the backing beam and fixed girder.
[image: Figure 7]FIGURE 7 | Mechanical structure of the EPU68 prototype and magnet keeper.
The three magnet arrays of each girder were kept in the same massive magnet keeper, which was made of an aluminum alloy. There was only a shimming strategy for moving magnets parallel to the magnetization direction. The magnet position was adjusted by rotating the lock nuts. The image on the right side of Figure 7 shows the magnet keeper layout, which was used in FEM studies to optimize the geometries. The magnet keepers were fixed to the girders by positioning pin holes and bolts. A shimming displacement of 50 μm resulted in a local field change of 35 Gs cm at a gap of 3 mm. The maximum allowed shimming range was ±100 μm.
The motion control mainly focused on the 1-μm precision magnet movement, including gap adjustment, taper adjustment, and shift adjustment, for the full range of operational gap values. The control tasks consisted of the motion control of all the aforementioned movements, monitoring the real-time gap position in the upstream and downstream through position feedback derived from the linear absolute encoders (LAEs) with 5-nm resolution, offering remote access for the Experimental Physics and Industrial Controls System (EPICS) toolkit via Ethernet, as well as the machine protection system (MPS) and personal protection system (PPS) interlock interfaces for the upper-level protection system of the interlock system.
6 FORCE COMPENSATION PERFORMANCE
6.1 Magnetic measurement bench (MMB) and the girder deformation monitoring system
The Shanghai Synchrotron Radiation Facility (SSRF) has a set of three-dimensional MMB, which consists of a cable dragging system, multi-axis motion system (a Hall probe is installed at the front end and can be fine-tuned to eliminate the attitude error of the probe), and control system, as shown in Figure 8. The z-axis measuring range is 6,500 mm, and both the x-axis and y-axis measuring ranges are 300 mm. The probe is a H3A Hall probe (Senis AG, Zug, Switzerland), which has a small planar Hall effect, a measuring accuracy of 0.1 G s, and a measuring range of ±1.9 T, thus covering the magnetic field range of the EPU68 prototype.
[image: Figure 8]FIGURE 8 | Left: MMB. Center: KEYENCE laser displacement sensors. Right: capacitance transducer.
The MMB provided support for a capacitance transducer to measure the vertical displacement along the magnet surface. The relative deformation of the vertical and circular polarization compared to the horizontal polarization (shift = 0 mm) could be easily obtained from the measurement of the different phase shifts. Additionally, two KEYENCE (Osaka, Japan) laser displacement sensors were installed in the MMB support to scan for horizontal displacement and detect the deformation of the different polarizations. Both the capacitance transducer and KEYENCE laser displacement sensors used in the MMB system showed a repetitive performance of less than 5 μm, which was acceptable for the displacement measurements.
6.2 Measurement from gap = 0–150 mm at shift = 0 mm
When the phase shift was zero, there was no longitudinal force acting on the moving girder. As shown in Figure 5, with the force compensation of the CMs, there was just a 12-kN vertical force variation (horizontal force variation 9 kN) between the minimum and maximum gaps. For the moving girder mounted between the backing beam and fixed girder by the two set guides, the horizontal deformation variation between the maximum and minimum gaps along the Z-axis was small and trended smoothly. In the MMB laboratory, we set the phase to zero and measured just the vertical displacement with the capacitance sensor at the minimum and maximum magnetic gaps to detect the vertical deformation. The experimental test data revealed a 20-μm variation deformation that appeared during the gap changes at shift = 0 mm, as shown in Figure 9.
[image: Figure 9]FIGURE 9 | Vertical deformation variation at shift = 0 mm when the gap changed from 3 to 150 mm.
6.3 Measurement from shift = 0–34 mm at the maximum gap
As shown in Table 3, there was no vertical force acting on the moving girders during phase shifting at a maximum gap of 150 mm; the horizontal and longitudinal force variations were 5 kN and 2 kN, respectively. We mainly measured the horizontal deformation of the moving girder. The measured horizontal deformation variation was approximately 15 μm when comparing shift = 34 mm with shift = 0 mm, and the measured horizontal deformation variation was approximately 20 μm when comparing shift = 17 mm with shift = 0 mm. The trend of the horizontal deformation measurement results was basically consistent with that of the simulation results. The amplitude was slightly larger than the simulation results after force compensation, and the compensation effect was notable, as shown in Figure 10(2) and 10(3).
[image: Figure 10]FIGURE 10 | Deformation variation of a moving girder between different shifts. (1), (2), and (3): horizontal deformation at the maximum gap of 150 mm. (4), (5), and (6): vertical deformation at the minimum gap of 3 mm. (7), (8), and (9): horizontal deformation at the minimum gap of 3 mm. Left: FEM simulation results before compensation. Middle: FEM simulation results after compensation. Right: test results.
6.4 Measurement at the minimum gap
At a minimum gap of 3 mm, the vertical displacement for shifts = 0, 17, and 34 mm was measured using a capacitance sensor probe. Compared with shift = 0 mm, the deformation of the magnet top surface changed by approximately 30 μm for shift = 34 mm and by approximately 40 μm for shift = 17 mm. Although the results were much smaller than the simulation value before force compensation, they were still much larger than the simulation result after force compensation. The test results of the vertical deformation variation of the magnet were basically consistent with the trend of the simulation results, but the results were on the large side. As shown in Figure 10, a similar result was achieved during the horizontal deformation variation measurement from shift = 0 mm to shift = 34 mm. Compared with shift = 0 mm, the horizontal variation in shift = 17 mm was approximately 150 μm, which was almost twice that of the simulation value when comparing shift = 17 mm with shift = 0 mm. A variation in the inclined deformation along the undulator was observed in both the vertical and horizontal directions.
7 MAGNETIC MEASUREMENT RESULTS
Considering that the minimum magnetic gap was 3 mm, the quantity and displacement of magnet shimming in the EPU68 prototype are confined-limited. The maximum shimming displacement should be controlled within 0.1 mm; otherwise, the installation of the vacuum chamber becomes difficult. Finally, the effective magnetic field and RMS phase error are shown in Table 4. The RMS phase error was below 6° at vertical polarization for a gap less than 15 mm. The RMS phase error in horizontal polarization is not as good as that in vertical polarization, especially at small gaps less than 5 mm. Unfortunately, the phase error in right hand circular polarization exceeded our target of being within 12°. This problem may be caused by mechanical assembly errors and clearance calibration errors, and surpassed expectations of the deformation variation. An effective magnetic field of 1.5 T was achieved at a gap of 3.4 mm for horizontal polarization and a gap of 3.2 mm for vertical polarization. At a gap of 30 mm, the effective magnetic field is about 0.3 T, which was within the acceptable gap range.
TABLE 4 | Magnetic performance in a gap range of 3–30 mm. Different polarization modes: horizontal linear (LH), vertical linear (LV1,2), right-handed circular (C+), and left-handed circular (C-) modes.
[image: Table 4]8 TRANSFER OF THE MAGNETIC AXIS TO MECHANICAL FIDUCIAL MARKS
The small area with a good magnetic field in the vertical direction and the deviation between the mechanical and magnetic centers were sensitive parameters for installation and operation. A magnetic center extraction for the EPU68 prototype was performed after the magnetic field measurement. The magnetic center was defined as the axis formed by the magnetic field shimming on the cross section of this undulator. A pair of magnetic landmarks [21] (MLs) was used to transfer the magnetic axis of the undulator to the mechanical fiducials using a laser tracker system, as shown in Figure 11. The extraction accuracy was better than 0.05 mm.
[image: Figure 11]FIGURE 11 | MLs were located on both sides of the EPU68 prototype, and the magnetic center of the undulator was determined by two quadrupole (skew and normal quadrupole) fields inside the MLs, as shown in the right side of the figure.
9 SUMMARY
The deformation variation test results during phase shifting at the minimum gap were not as good as that at the maximum gap. There was a relatively large inclined deformation variation when the phase shift ranged from 0 to 17 mm and was then extended to 34 mm. As shown in Figure 6, at the circular polarization mode of shift = 17 mm at the minimum gap, in the cross section of the EPU68 prototype, both the added vertical and horizontal forces of the moving girder composed of three magnet arrays were small. However, the force torque was large, and its direction changed gradually when the phase shifted. Similarly, the added longitudinal force of the moving girder in the electron beam direction was also very small. The longitudinal force torque was largest at shift = 17 mm due to the opposite force directions of the left/right and the top/bottom CMs, leading to a rotated distortion of the whole beam and the generation of a large inclined deformation in both the horizontal and vertical directions. Unfortunately, the simulation of the EPU design did not take into consideration the effect of torque in circular polarization. This was possibly one reason why the horizontal magnetic field was lower than the vertical magnetic field under the same gap. It may also explain why the phase error of horizontal polarization was larger than that of vertical polarization.
A high-magnetic field EPU is critical for the polarization control of high-energy continuous-wave FEL devices. A high magnetic field needs a very small magnetic gap and generates vexatious strong magnetic forces. A massive and reinforced mechanical structure is a popular approach to ensure its rigidity. SHINE-EPU68 adopts the APPLE III magnet configuration with the traditional C-type mechanical structure, and a set of Halbach I magnet arrays was selected to compensate the magnetic forces for FMs, which makes the C-type mechanical structure relatively compact and narrow in horizontal size. It is applicable for the SHINE project two-line tunnel. The deformation test results when a gap opened from 3 to 150 mm at the horizontal polarization indicated a notable vertical force compensation. The horizontal deformation test results of the prototype at the maximum gap showed that the deformation variation during phase shifting had sufficient rigidity, and the magnetic field test results met the physical requirements.
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