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Shanghai Soft X-ray Free-Electron Laser (SXFEL) is the first X-ray free-electron

laser facility in China. The initial commissioning of the beamline was carried out

in May 2021. Herein, we present a status report and the first experimental results

obtained during the early commissioning of Kirkpatrick-Baez (KB) mirrors for

the Coherent Scattering and Imaging (CSI) endstation, including three types of

diagnostics. A bright X-ray focal spot of less than 3 μm was achieved by using

edge-scan and silicon ablation imprint measurements. In order to confirm the

spot size, the attenuated beam and full beam are used respectively for the two

measurement methods.

KEYWORDS

x-ray optics, diagnostics, free electron laser, KB mirrors, beamline

Introduction

Shanghai Soft X-ray Free-Electron Laser (SXFEL) [1, 2], as the first XFEL in China,

consists of two established beamlines. One is a self-amplified spontaneous emission

(SASE) beamline, and the other is echo enabled harmonic generation (EEHG) beamline.

So far, there are five constructed endstations, focusing on dynamic and radiation

damage-free imaging, ultrafast physical phenomena, surface and ultrafast chemical

processes, and atomic and molecular physics. Among the five endstations, the Coherent

Scattering and Imaging (CSI) endstation is designed for high temporal and spatial

imaging with coherent diffraction imaging (CDI) and Fourier transform holography

(FTH). Furthermore, other methods based on forward scattering geometry can also be

available, such as time-resolved small-angle X-ray scattering (Tr-SAXS). To achieve

high spatial resolution at the CSI endstaiton, a high flux density at sample position is

required. A Kirkpatrick-Baez (KB) system was installed at the upstream of the CSI

endstation to focus the beam down to a few micrometers [3]. The KB mirrors for CSI
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endstation were commissioned, and the first coherent

diffraction imaging experiment of samples was successfully

demonstrated.

Various appropriate diagnostics at the focusing position are

required to obtain good focusing in the shortest time during the

commissioning process. The pioneers of FEL have shown

different diagnostics, such as a YAG screen with a

microscope, PMMA ablation imprints, wire (or edge) scan,

wavefront sensor, etc. The YAG screen method [4, 5] is a

convenient way to characterize the focus spot. But to obtain a

high spatial resolution, such as sub-micrometer, an in-vacuum

high numerical aperture (NA) objective is essential and more

space is needed. A low-resolution microscope is also very useful

for rough alignment as it has a large field of view (FOV). Beam

attenuation is required to avoid radiation damage to the YAG

screen. The PMMA ablation imprints are usually used to obtain

the actual beam shape. It has been widely used to determine the

focus spot size and the focus position at FLASH, FERMI, LCLS

and SACLA ([4, 6–10]). However, it can not give a fast online

determination, as it takes time to remove the PMMA from

vacuum and image it with a microscope or scan it with a

AFM. The wire (edge) scan [9, 11–14] is a common method

used to measure the beam size. Similar to YAG screen imaging,

the XFEL pulse energy needs to be attenuated to avoid radiation

damage to wire (edge). On the other hand, the wire (edge) scan is

an accumulation of multi-shot, thus, the stability of the beam is

convoluted to the beam size. It can not identify the tilt of the spot,

but it is suitable for the final measurements. The wavefront

sensor [6, 13, 15–19] is a very useful method, especially for

bendable mirrors. A bendable KB system with a wavefront sensor

was developed at FERMI [5, 7]. It is an ideal method, as the

wavefront error can be decomposed into Zernike coefficients

which represent the possible source of errors. It can give the

direction of the alignment. However, the FOV of the wavefront

sensor is limited, and a rough commissioning is still necessary

beforehand. In summary, although each method has its own

advantages and limitations, combining various characterization

methods can accelerate the commissioning process and get

optimized focus results during the KB mirrors commissioning.

In this paper the KB system alignment process and focusing

result at the CSI endstation of SXFEL are reported. The different

characterization methods for rough commissioning, fine

commissioning, and final characterization are presented.

Beamline and focus diagnostics

Figure 1 shows the beamline layout of the CSI endstation. The

first and second planemirrors are offset mirrors, which are located at

59 and 65 m downstream of the source respectively, and generate a

horizontal offset of 314mm to block the high energy radiations easily.

A plane mirror PM3 located at 117.5 m, is parallel with the vertical

focusingmirror ECM1, so it canmake the exit beam in the horizontal

plane. The last mirror is the horizontal focusing mirror ECM2. The

image distances of ECM1 and ECM2 are 2 and 1.5 m, respectively.

These three mirrors are in the same chamber. A gas attenuator is

positioned in front of PM1 to adjust the pulse energy. Two gas

monitors are installed in front and back of the gas attenuator to

monitor the pulse energy. A solid attenuator is located in front of

PM3 to supply further attenuation abilities. The grazing angles of all

mirrors are 1.5°, and all mirrors are coated with B4C for the energy

range of 100–1,000 eV (except for the carbon K edge and boron K

edge). The mirrors were made by Jtec. According to the Maréchal

criterion, the height errors were calculated with Eq. 1, where h is

height error, λ is the wavelength, θ is the grazing angle, and N is the

number of optics. It should be smaller than 0.76 nm RMS for

5 mirrors at 1,000 eV, and 1.46 nm RMS at 520 eV. Table 1

shows the requirements of the mirrors. The theoretical beam size

is about 1.8 μm (H) × 2.4 μm (V) from the simulation.

h ≈
λ

14× 2× θ ×
��

N
√ (1)

The CSI endstation is shown in Figure 2. The main components

are sample chamber and detector chamber. To characterize the KB

focusing properties, various diagnostic tools were installed inside and

on the sample chamber. First, a large FOV imaging system was

mounted on the sample chamber cover as shown in Figure 2. It

includes a camera (Basler a2A5328-15 um BAS, 2.74 μm pixel size)

and a 75mm focal length lens (Computar V7531-MPZ). Through a

45° view windowwhich points to the focusing position, a YAG screen

mounted on the sample stage could be imaged by the large FOV

imaging system. Such a configuration can offer a pixel resolution of

about 15 μmwith a FOVof about 78 mm×67mm. Because the YAG

screen is not perpendicular to the optical axis of the lens, the image out

of focal depth is blurred. The second is an inline microscope, which is

designed for locating the fixed target sample andXFEL beamposition.

It consists of a long working distance (LWD) microscope

(UWZ400F), a view window, and a 45° mirror. The LWD

microscope has a fixed working distance of 400mm and allows

samples to be viewed through an observation windowwith the help of

a 45° lens. On the 45° mirror, a 2 mm hole was drilled to enable it to

work online. It has inline illumination, its spatial resolution is 6.71 μm,

and its pixel resolution is about 1 μm. Due to the numerical aperture

(NA) limitation, it is difficult to catch the focusing spot with enough

signal-to-noise ratio (SNR). The edge scan system includes a knife-

edge (silicon edge) and an X-ray sensitive photodiode (XUV100),

which is achieved by scanning the knife-edge mounted on the sample

stages and recording the signal of the photodiode behind the frame

FIGURE 1
Layout of the beamline for CSI.
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step by step. The signal is recorded by an oscilloscope. The X-ray

detector was used to confirm the full beam entering to the sample

chamber. A shutter was installed at the beam entrance of the chamber

to select single pulses. All of the devices are controlled with the EPICS

and triggered by the White Rabbit based timing system. The data

acquisition is realized with PyEpics. The commissioning of the KB

system was performed at 520 eV with a repetition of 2 Hz.

The commissioning of KB system

Before commissioning, all the components of the beamline

were aligned with a laser tracker. A number of apertures were

mounted in front of important components to avoid damage.

Especially, there are two 8 mm apertures in the differential

pumping system between the KB mirror chamber and the

sample chamber. These apertures make the online alignment

complicated. Therefore, an X-ray detector was used initially to

ensure that the entire beam entered to the sample chamber.

Rough alignment

The main purpose of rough alignment is to focus the beam to a

size that can easily damage the silicon. It was performed with the

large FOV imaging system. A 10 mm × 10mm YAG screen

mounted on the sample stages was placed at the theoretical

focusing position. From the large FOV imaging system, a bright

spot of hundreds of micrometers was observed. The beam was

focused from hundreds of micrometers to tens of micrometers by

tuning the KB mirrors. In order to avoid radiation damage of the

YAG screen, the pressure of the gas attenuator was increased as the

spot size diminishing. A Python script was used to track and display

the spot area for convenience. It can display the spots in an image

with pixel values as shown in Figure 3.When the spot size is big, the

image can show the special shape of the beam, such as tilt and tails.

When the beam size is small and only few pixels are bright, the pixel

value is very useful. Figure 4 shows the ratio of the maximum pixel

value of the Gaussian beam to neighbor pixel value changed with

the full width at half height (FWHM) beam size. For example, the

TABLE 1 Requirements of mirrors.

Mirrors PM1 PM2 PM3 ECM1 ECM2

Shape Plane Plane Plane Elliptical Elliptical

Optical area (mm) 400 × 30 400 × 30 400 × 30 400 × 30 400 × 30

Distance to source(m) 59.0 65.0 117.5 118.0 118.5

Image distance(m) — — — 2.0 1.5

Coating/thickness (nm) B4C/40 B4C/40 B4C/40 B4C/40 B4C/40

Height error (RMS/PV) (nm) 0.75/3 0.75/3 0.75/3 0.75/3 0.75/3

Roughness (nm) 0.3 0.3 0.3 0.3 0.3

FIGURE 2
Photo of the CSI endstation.
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maximum pixel value is 12, and the maximum neighbor pixel value

is 2 in Figure 3, the ratio is 6. According to Figure 4, the FWHM

beam size is about 1 pixel. This is a rough estimation, as the beam is

not an ideal Gaussian shape, especially during commissioning.

After this step, the beam size was about 15 μm.

Micrometers focusing with silicon ablation
imprint

The silicon ablation imprint imaged by the inline microscope

was used for further tuning of the KB system. The aim of this step

was to decrease the coupling of the horizontal and vertical beam

sizes caused by the spot tilt and to focus to less than 10 μm. The

silicon ablation imprint is not as sensitive as PMMA, but it can

also be used as an indicator of beam shape and size. The silicon

frame of the sample holder was used as the ablation target. It was

well polished, with good reflectivity. When the silicon surface is

perpendicular to the optical axis of the inline microscope, the

image is very bright. Because the inline illumination directly

reflects back to the microscope. Any defect larger than the pixel

resolution of the microscope can be imaged as a dark spot under

this condition. When the silicon surface is not perpendicular to

the optical axis of the inline microscope, the image is dark, and

the defects on the silicon can be imaged as a bright spot. This

phenomenon was used to adjust the contrast of the image.

After the rough alignment, the spotwas small enough for ablating

the silicon. Here, the damage threshold of silicon is about 0.88 eV/

atom [20], corresponding to an energy density 0.007 μJ/μm2 at 520 eV

and 90° incidence. Assuming a Gaussian distribution of focus spot,

Figure 5 shows that the ablation area diameter changed with the pulse

energy and FWHMbeam size in theory. For the yellow area, the pulse

energy is relatively low, and the beam size is big. The ablation area

diameter is sensitive to the pulse energy. In the other area, the ablation

area diameter is not sensitive to the pulse energy.

The silicon ablation imprint was performed with the full

beam of about 10–100 μJ. The shutter at the entrance of the

sample chamber was used to select a single pulse to shoot the

silicon frame for each scan step. During tuning of the KBmirrors,

the focus profile was detected by imaging the silicon ablation

imprint. Figure 6A shows a typical commissioning process. The

tilt of the spot or the coupling of the horizontal and vertical beam

size was decreased during the process. The silicon was moved

after index 21, so the index is not continuous. Figure 6B shows

the silicon ablation imprint after adjusting KB mirrors. Finally,

the shape looks round and small. But it is not the real beam shape

because the spatial resolution of the inline microscope is 6.71 μm.

The shape is the convolution of the beam shape and the point

spread function of the microscope. The diameter of the damage

area is about 10 pixels. With the silicon ablation imprint, the

beam size was focused down to 10 μm.

FIGURE 3
The spot image displayed in a matrix way.

FIGURE 4
The ratio of the max pixel value to the neighbor pixel value
changed with the FWHM beam size.

FIGURE 5
The contour of ablation area diameter changed with FWHM
beam size and pulse energy.
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Edge scan and final silicon ablation imprint

To further optimize the KB system and check the focus spot

size, the edge scan was used for finer alignment. The pulse energy

was attenuated 3–4 orders of magnitude with the gas attenuator

to avoid radiation damage to silicon. A photodiode was mounted

downstream of the silicon edge to record the transmitted pulse

energy. The X-ray beam was cut step by step by moving the

silicon edge, the transmitted pulse energy was recorded by the

oscilloscope. For the rough edge scan, 10 pulses were recorded

per step. The averaged photodiode signals were normalized to the

averaged pulse energy. Figure 7 shows the edge scan result after

silicon ablation imprint. Due to the poor SNR, it was difficult to

differentiate and fit. To solve this problem, one way is to record

more pulses and then average them. It is effective, but it will take

a long time to record enough pulses considering the repetition

rate of 2 Hz. Alternatively, the edge scan results were fitted with

the integral of the Gaussian function. Although it cannot

distinguish the side peak, it can give an estimation of beam

size and trend without requiring a high SNR. Figure 7 shows the

fitting results with a beam size of about 7.2 μm in the horizontal

direction and about 6.4 μm in the vertical direction. Then, we

adjusted the mirror and performed the edge scan each time.

Finally, to accurately measure the beam size, 20 pulses per step

were recorded and averaged to improve the SNR. Figure 8 shows

the final result by fitting the differentiation of edge scan result

with the Gaussian function. The beam size is about 2.2 μm ×

2.5 μm (FWHM). Compared to the theoretical beam size, the

horizontal beam size is slightly larger. The stability and figure

errors of PM1, PM2 and horizontal focusing mirror ECM2 are

the main factors to the horizontal beam size. The spot tilt is also a

possible reason, which requires more experiments and analysis.

After the edge scan, the silicon ablation imprint was

performed again. To examine the detailed profile and measure

the accurate size of the crater, the silicon was removed from the

vacuum chamber and imaged with a high NAmicroscope. Figure

9A shows a representative 4 by 4 silicon ablation imprint image.

Figures 9B,C are the enlarged view of the red and blue rectangular

FIGURE 6
(A) Typical commissioning process. (B) Silicon ablation imprint.

FIGURE 7
The edge scan result after silicon ablation imprint. (A) The horizontal beam size is 7.2 μm. (B) The vertical beam size is 6.4 μm.

Frontiers in Physics frontiersin.org05

Tong et al. 10.3389/fphy.2022.977957

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2022.977957


area. The FEL pulse not only ablated the central region, but also

destroyed the surrounding region. Spallation and cracks could be

found around the crater. The size of the craters ranges from 6 to

10 μm, which is consistent with Figure 5. When the focus spot

size is 2–3 μm, and the pulse energy is 10–100 μJ, the central

ablation diameter is about 6–10 μm.

Conclusion

In this paper, the first commissioning results of the KB

system at SXFEL were reported. A focused X-ray spot of

2.2 μm × 2.5 μm was achieved, which was characterized by

edge scan and silicon ablation imprint. To obtain better

focusing performance, three methods were used for the

commissioning of the KB system at different stages. A large

FOV camera was used for rough alignment in the first stage,

and a rough estimation method of beam size was described.

When the ratio of the maximum value to the neighbor value is

6, the FWHM beam size is about 1 pixel. Then the inline

microscope was used to characterize the silicon ablation

imprint. With the help of this method, the beam tilt was

corrected. The beam was focused to about 8 μm. Finally, the

method of edge scan was used for fine alignment. By adjusting

the KB mirrors, the focal spot size of less than 3 μm was

achieved. The final result was confirmed with the silicon

ablation imprint. In the future, the wavefront sensor at the

CSI endstation, which is being commissioned, will be optional

for further alignment of KB mirrors and better focusing

performance.

Data availability statement

The raw data supporting the conclusion of this article will be

made available by the authors, without undue reservation.

FIGURE 8
The final edge scan result. (A) The horizontal beam size is 2.2 μm. (B) The vertical beam size is 2.5 μm.

FIGURE 9
Image of the final silicon ablation imprint. (A) 4 by 4 silicon ablation imprint image. (B) Enlarged view of the red rectangular area. (C) Enlarged
view of the blue rectangular area.
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