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1. Beamline introduction

The FEL-I beamline has a total length of about 1200 meters. It provides FEL for the Hard
x-ray Scattering and Spectroscopy endstation (HSS) in the near experimental hall, as well as
Coherent Diffraction Endstation for Single Molecules and Particles (CDS) and Station of
Extreme Light (SEL) in the far experimental hall. SEL instrument belongs to the Shanghai
Institute of Optics and Fine Mechanics, Chinese Academy of Sciences, while the FEL-I
beamline supplies a direct beam after the offset mirrors, with focusing tasks handled by the SEL
team.

The scientific goal of the CDS instrument is to achieve atomic-level structural imaging of
single molecules and single particles, as well as femtosecond time-resolved imaging of
chemical reaction processes through coherent diffraction imaging techniques. This provides
high spatial resolution and high temporal resolution analytical methods for life sciences,
materials science, and other fields. The CDS requires the beamline to transport and focus the
free electron laser to achieve a focused beam below one hundred nanometers while ensuring
the integrity of the wavefront and high spatial coherence.

The scientific goal of the HSS instrument is to study the electronic structure and electronic
excitations in quantum correlated materials using inelastic resonant scattering experimental
methods. This provides powerful tools for deepening the understanding of correlated electron
physics and developing new quantum control methods. The HSS requires the beamline to have
high energy resolution and high average flux.

The FEL-I beamline consists of offset mirrors, crystal monochromator, HSS focusing
system, CDS focusing system, and related diagnostic systems. Figure 1-1 illustrates the
schematic diagram of the FEL-I beamline system. The task of this beamline is to transport the
beam while maintaining the wavefront as much as possible to the instruments, enabling high-

resolution and high signal-to-noise ratio coherent diffraction experiments.



FEH

FEL—I {Top-view) V E I I
CRLI M1 e
S CRL2 HSS M3 EMS CDRes { SEL
h”]h;fﬁ M2h :J-‘ ©EM : - \ == g
L T T Tpem | EM2 B ]
Top view EM3 EM4 M4 EMb6
- o o '« @ 'y e I/ - —‘ —- _- = - ===
ST L 2 # f Fg g Fggsce
Figure 1-1 Layout of beamlines
2. Requirements and SASE properties
2.1 Beamline Parameters
Table 2.1-1 Parameters of FEL-I
Parameters Objective Nominal
3.0-15.0 keV 5.0-13.0 keV

Energy range

Energy resolution

2.0x10*@8.9 keV

2.0x10*@8.9 keV

spot size

0.1 pm&1 pm @CDS

(AE/E)
V k 1 0 k
Transmission efficiency 30%@7keV 5%@7keV
(no monochromator) (no monochromator)
10 um @HSS 15 um @HSS

2.2 Endstation Requirements

Table 2.2-1 Parameters of the CDS/HSS

Spot size

Endstation | Parameter Objective Nominal
0.5nm@>5x10"
Spatial resolution | photons/pm2@ 5 keV, 100 nm | <5 nm
CDS
focus
100 nm <300 nm
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Table 2.2-2 Requirements of the CDS/HSS

Parameter CDS HSS
1 Energy range 3~15 keV 3~15 keV
. Si(111): 2x10* @ 3~15 keV
2| Energy resolution / SiE3 | 1;: 5x 10—5% 5.6~15 keV
3 Efficiency of beamline >50% @ 7 keV >60%@7 keV)
Percent of harmonics <0.05% <0.01%
5 Spot size Objective: 300 nm % 100 nm @ 7keV Objective: (10 pm ~ 200 um) x (6 um~200 pm)
(FWHM)(HxV) Nominal: 600 nm x 300 nm @ 7keV Nominal: 10 pm x 10 um
6 Working distance >0.2 m @ 100 nm spot size
7 Beam stability (RMS) / <3 um®
8 Focusing / CRL and K-B
9 Attenuator 6 orders 4 orders
10 | Diagnostics | Pulse Energy <10% <10%

Single shot spectra

Single shot

Single shot

Timing diagnostics(RMS)

Arriving time diagnostics accuracy < 10 fs

Arriving time diagnostics accuracy < 10 fs

Wavefront diagnostics

(RMS)

repeatability

M50 @ 2=0.177 nm

/

(1) No monochromator.

(2) Calculate with the mirror stability of 50nrad.




2.3 Source Properties

FEL-I uses 42 segments of a 4 m long plane undulator with a 26 mm period. The space

between segments is 1 m, and the total length is 209 m. It can offer SASE and self-seeding.

Table 2.4 shows the SASE properties of FEL-I. The spot size is between 30-50 pum, and the

divergence is between 1.3-5.5 prad. 3-6 keV is generated by a 5 GeV electron beam, and 7-15

keV is generated by an 8 GeV electron beam. All these beam properties are from the simulation.

From the reports[1, 2] of the LCLS and SACA, the divergences are uncertain, the difference

between theory and measurements is a factor of 1.5~3, and it depends on the actual operation

condition of the machine.
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Figure 2.3-1 Source properties: (a) source size, (b) divergence, (c) pulse energy, (d)

bandwidth, (e) M squared factor, and (f) content of high harmonics



Table 2.3-1 Source properties of FEL-I

Low High Low High Low High Low High
charge charge charge charge charge charge charge charge
Bunch charge (pC) 20 100 20 100 20 100 20 100
Energy (keV) 3 3 7 7 12.4 12.4 15 15
Electron energy (GeV)

FWHM pulse length (um) 7 16 6 14 5 11 4.2 8.9
FWHM bandwidth (%) 0.28 0.28 0.14 0.19 0.09 0.12 0.09 0.09
Pulse energy (iJ, max) 73 310 43 370 30 103 19 34

FWHM source size (um) 500 480 330 160 75 100 72 72

(exit)
FWHM source size (um, sat) 51 49 33 48 46 50 49 50

FWHM source divergence 5 5.5 33 2.7 13 1.7 13 13

(urad)
Coherence degree 1.4 1.5 1.4 1.7 1.4 2 1.8 1.8
Peak power (GW) 8 15 6 28 4 11 2.5 3
High order harmonics
3rd pulse energy (uJ) 0.6 4 0.3 3.2 0.1 0.48 0.05 0.12
5th pulse energy (wJ) 0.05 0.3 0.02 0.2 0.01 0.03 0.001 0.01




3. Schematic design

3.1 International facilities

Currently, there are three high-repetition rate hard X-ray free electron laser facilities
that have been completed or are under construction internationally (including SHINE).
One of them is the European Free Electron Laser (European-XFEL), which operates in a
pulse train mode at 10 Hz, with each train containing 2700 pulses. Three beamlines and
six experimental stations have already been in operation.

The LCLS-II operates at a repetition rate of 1 MHz and includes both a soft X-ray
beamline and a hard X-ray beamline. It allows for the switching between low-repetition
and high-repetition accelerator, achieving several mJ of single-pulse energy with low
repetition rate accelerator. Additionally, there are other low-repetition rate hard X-ray free
electron lasers such as SACLA, PAL-XFEL and Swiss-FEL.

Table 3.1-1 High-repetition rate Hard X-ray Free Electron Lasers

Facilit Electron Photon Repetition
y Energy (GeV) Energy (keV) Rate
LCLS-1I
(LCLS-II-HE) 4,8,2-15.4 0.2-25 1 MHz
10 Hz train,
European-XFEL 10.5-17.5 0.4-20 45 MHz
SHINE 5-8 0.4-25 1 MHz

3.2 Scheme layout

The FEL-I beamline mainly consists of offset mirrors, three compound refractive
lens (CRL) focusing system, a crystal monochromator, KB focusing systems, and
diagnostic systems, as shown in Figure 3.2-1. The first component after the beam exits

the insertion device and passes through the radiation collimator, fixed aperture, and



synchrotron radiation aperture (SRA) is the single pulse energy diagnostic device (GMD).
The GMD is the most important diagnostic device in the operation of the beamline. Due
to the unstable nature of single pulse energy in free electron lasers, the GMD provides
key parameters for normalization and filtering in experimental methods and data
processing at the instruments. Some experimental methods cannot process data without
GMD data.

Next are the gas attenuator (GATT) and solid attenuator (SATT), which are used to
reduce the single pulse energy of the FEL. The gas attenuator can achieve an attenuation
of 4-6 orders of magnitude at 3-7 keV without damaging the wavefront, 3-4 orders of
magnitude at 7-9 keV, and 1 order of magnitude at 7-15 keV. The working conditions of
the solid attenuator must be strictly controlled to avoid damage from single and multiple
pulses; it can operate only after the gas attenuator has attenuated the power by more than
one order of magnitude, ensuring its safety at high repetition rate case. Solid attenuators
are typically made from radiation-resistant materials such as diamond and silicon. During
the commissioning of the beamline and experimental station, it is usually necessary to
attenuate the single pulse energy by 3-6 orders of magnitude to prevent single pulse
damage at the focal point.

At 200 m, a set of compound refractive lenses (CRL1) is installed to collimate the
beam, working in conjunction with CRL2 and CRL3 in front of the instruments for
focusing. The CRL uses beryllium (Be) as the lens material; while Be has strong thermal
load and radiation resistance, its operating conditions must also be strictly controlled.

Subsequently, offset mirrors (M1, M2a, M2b) are placed between 230 m and 240 m
to absorb high-energy radiation while creating an offset for radiation protection. The
offset mirrors are necessary optical component for X-ray free electron lasers; otherwise,
high-energy radiation would be transmitted to the instruments. Its stability is crucial for
the performance of the beamline, as it is located far from the source point, where even a
few tens of nanoradians of jitter can lead to significant positional variations at the focus.

At 332 m, a crystal monochromator is added to monochromate the beam, providing
monochromatic light in the range of 1E-4 to 1E-5 for the HSS instrument. The design of
the crystal monochromator in high-frequency free electron lasers is still immature. On
one hand, maintaining the wavefront of coherent light requires very tight shape error

tolerances for the crystals; on the other hand, the thermal load is substantial, so stringent



operating conditions are necessary.

At a position 10 m in front of the HSS instrument, CRL2 is added to provide focused
light in the range of 5-15 keV. CRL2 is optimized to ensure that a small movement in the
optical path direction keeps the focus at the sample position. An KB mirror system is
added for focusing at the HSS instrument. The CRL is very effective in absorbing in the
3-5 keV range, while the KB mirrors can focus to very small spot sizes. This KB mirror
system also needs to be removable for switching between CRL2 and the CDS or SEL
instruments. A direct optical path is reserved in the cavity to connect with the ultra-long
beamline during switching.

At 1110 m, a GMD is set up to monitor the pulse energy reaching the CDS
experimental station, along with a solid attenuator to protect the KB mirrors during
debugging. The CDS experimental station is equipped with four focusing systems. First,
a CRL3 is placed at 1168 m to focus at 1165.9 m, initially used to debug the experimental
station equipment, and it may also be considered for shared use with the SEL station. A
micro-focused KB system is installed between 1144.5 m and 1148.1 m, utilizing a four-
reflector KB system to maintain the beam transmission direction while aiming to focus
the beam to approximately 1-2 um. At 1154.5-1155.6 m, a nano-KB focusing system is
installed, targeting a focus of around 100-300 nm. Imagers will be added before and after
each key component in the beamline to observe the beam position and shape. At 1172 m,
a KB focusing system with a focal length of 2 m is set up to achieve focusing below 100

nm.
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3.3 Physical design

3.3.1 Offset Mirror Group

3.3.1.1 Specifications and Functions

Energy Range: 3-15 keV

Height Error Requirement: Maintain wavefront

Function: Block radiation, absorb thermal load

There are various types of radiation from the machine, including spontaneous radiation,
high-energy radiation, and in special cases, high-energy electron beams. For radiation safety, a
pair of parallel mirrors is needed to form the offset mirrors, which shifts the beam's position.
Necessary radiation shielding must then be implemented in the original direction to ensure
radiation safety for the beamline and instruments. Optically, the offset mirrors also absorb
spontaneous radiation and cuts off higher harmonics. The requirement for beam offset is directly
related to the divergence angle of the high-energy radiation, necessitating a beam offset of more
than 20 mm.

While absorbing thermal loads, the wavefront must be maintained to fully utilize the

brightness of the free electron laser.

3.3.1.2 Design Scheme

1. Optical Component Size and Position

For the FEL-I beamline, the source divergence angle varies from 5.5 prad to 1.3 prad in
the 3-15 keV range. This means that at a fixed grazing incidence angle, a 1 m long mirror is
required for 3 keV, while only 0.24 m is necessary for 15 keV. At high energies, power density
is concentrated at the center of the optical component, making it very difficult to manage. We
can refer to European designs, where two mirrors adjust their angles to accommodate different
energies. However, this requires frequent adjustments of the M1 and M2 mirrors. Therefore, we
consider using two M2 mirrors at different angles, corresponding to high-energy and low-
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energy regions. The divergence angle range is divided into 1.3-2.7 prad and 2.6-5.5 prad, with
energy segments of 6-15 keV and 3-7 keV, respectively.

Regarding the coating of the offset mirrors, the reflectivity of B4C at densities of 2.34
g/cm? for different grazing incidence angles at 7 keV and 15 keV was calculated, as shown in
the figures. For angles in the range of 6-15 keV, a grazing angle of 1.9 mrad is used, while 4

mrad is suitable for 3-7 keV. This effectively matches the change in divergence angle at the

low-energy position.
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Figure 3.3-1 Reflectivity of B4C at 7 keV and 15 keV for different grazing angles.
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Figure 3.3-2 Geometric structure at two working angles.

The 38 mm offset is primarily for easier radiation protection. The M2b mirror is moved in
the normal direction, theoretically requiring a 2 mm movement to be removed from the optical
path.

The placement of the offset mirror group needs special consideration. The closer the
offset mirror is to the source, the less it affects the stability of the source point, but the higher

thermal power density. Considering the inherent instability of the free electron laser in terms of
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angle and position, the focus is on reducing power density while maximizing transmission
repetition rate. Thus, the length of the optical components is designed based on the longest high-
quality mirrors currently available worldwide. JTEC can provide 1 m long mirrors, with an
effective size of 0.9 m for calculations. The effective size of 0.9 m corresponds to receiving
sizes of 1.71 mm and 3.6 mm at 1.9 mrad and 4 mrad, respectively. Based on 2.7 urad and 5.5
urad, the calculations yield 66 values of 6.9 urad and 14 prad. Therefore, the M1 mirror can be
placed at 248 m, with M1 at 230 m, M2a at 234.75 m, and M2b at 240 m. When continuous
operation across the entire energy range is required at the instruments, M2b can cover the full
energy range. The horizontal receiving aperture and transmission efficiency are shown in

Figures 3.3-3 and 3.3-4. With 1.9 mrad, the theoretical transmission efficiency exceeds 85%.
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Figure 3.3-3 Horizontal receiving aperture variation for M2b operating at 3-15 keV.
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Figure 3.3-4 Transmission efficiency variation for M2b operating at 3-15 keV.

The M1 mirror primarily functions to absorb thermal loads; during this process, it will
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undergo thermal deformation. The M2a and M2b mirrors are designed to be flexibly bent to

compensate for the thermal deformation caused by M1 and their own thermal deformation.

2. Optical Component Requirements
The surface shape accuracy of the optical components is required to meet a Strehl ratio

of 0.82. For individual components, the height error can be calculated using the formula:
h = A
"7 14N - 2

Using this formula, the requirements for optical components at different energies can be
calculated. The highest demand is for an RMS of 0.6 nm at 7 keV and 15 keV, while an RMS
of 1.5 nm suffices at the low-energy end. The following figures show the 4o footprint at
different energies; as energy increases, the footprint decreases. For the M1 mirror, we can
require that the center 450 mm length meets RMS 0.6 nm, the 550 mm length meets RMS 0.9
nm, and the entire length meets RMS 1.5 nm. This requirement is based on practical optical
usage needs, including errors introduced by clamping and cooling, while the optical component

should maintain an RMS of less than 0.5 nm across the entire mirror length.
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Figure 3.3-5 Height error requirements at different energies.
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3. Thermal Load on the Offset Mirror

As the first mirror, the heat load of M1 is the highest. Table 3.3-1 gives the parameters of
the electron and undulator to calculate the spontaneous radiation. The FEL radiation is from

simulations of tapered conditions.

Table 3.3-1 Accelerator parameters used to calculate the radiation power

Electron parameters Undulator parameters
Electron energy 8 GeV Peak magnetic field 1T
Bunch charge 100 pC Period 26 mm

15



Average current 0.1 mA Undulator length 4 m
Peak current 1000 A Segments number 42
Pulse duration 100 fs Distance between segments I m

Emittance 0.4 um*rad
Repetition rate 1 MHz

The heat load of the offset mirror comes from three parts. The first part is the spontaneous
radiation of the undulator. This part has a very large divergence, which can fill the entire mirror
(limited by SRA) and is relatively uniform as a background. As shown in Figures 3.3-7~10, the
total absorbed power of spontaneous radiation in the range of 1000 mmx4 mm is approximately
2.2 W, and the power density is 0.55 mW/mm?. The second part is derived from the FEL. The
FEL absorbs 1% (calculated B4C coating reflectivity>99%). According to the tapered undulator
simulation, the maximum single pulse energy is 1.8 mJ at 7 keV, and the absorbed power is
approximately 18 W. The third part comes from the higher harmonics of the FEL. The content
of higher harmonics is between 0.1% and 1%, but the divergence angle of the third harmonics
is one-third of the fundamental, which causes the power density of the harmonics to be higher
than that of the fundamental and to be concentrated in the center of the fundamental, as shown
in Figures 3.3-7~10. In the above estimation, the fundamental and the harmonics content both
depend on the status of the electron beam. M2a and M2b are similar to M1, except for harmonics.
It may be difficult for single pulse energy to reach the value of the tapered mode, and the heat

load may be 1/3-1/5. Figure 3.3-11 shows the statistics of the absorbed power and power density.
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Table 3.3-2 Calculation of M1 Mirror Absorbed Power

Photon energy (keV) 3 7 12.914

15

Electron energy (GeV)

18




Bunch charge (pC) 100 100 100 100
Single pulse energy (1)) 930 1800 394 60
Source size FWHM (um) 49 45 44 50
Source divergence FWHM (prad) 5.5 2.7 1.7 1.3
Repetition rate (kHz) 1000 | 1000 1000 1000
Spontaneous radiation (2 mm*4 mm) (W) | 0.3 2.2 0.6 0.2
Power of FEL (W) 930 1800 394 60
Absorbed power of FEL (1%)(W) 9.3 18 3.9 0.6
Power of harmonics (W) 9.3 18 3.9 0.6
Total absorbed power (W) 18.9 38.2 8.4 1.4
a0
| = iEL Power Density
Rl
| 10t

optics

Figure 3.3-11 Absorbed power and power density of M1

4. M2a\M2b bending requirements

M1 and M2a\M2b can be bent independently to correct the deformation caused by heat,

but this is complicated. It is also difficult to determine whether a single mirror has been fully
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compensated. Figures 3.3-12 and 3.3-13 show that bending two mirrors and bending only one
mirror have almost the same focus spot size and peak intensity. Therefore, M2a\M2b is bent

can meet the requirements.
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Figure 3.3-12 Simulation of bending M1 and M2 separately
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Figure 3.3-13 Simulation of bending M2

Since the divergence is very small and the beamline length is longer than 1100 m, the
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curvature of M1 and M2a\M2b can easily affect the beam size. For example, the divergence of
the beam at 3 keV is 5.5 prad FWHM. If the mirror has a curvature of 1000 km, it will produce
an approximately 1 prad divergence change within the FWHM. This is a 20% divergence. At
the same time, such curvature will also affect the zoom ratio of the entire system. As shown in
Figure 3.3-14 and Figure 3.3-15, in the case of 1.9 mrad, the residual curvature of 2000 km can
produce a 10% change in the spot size; in the case of 4 mrad, the residual curvature of 1000 km

can produce a 10% change in spot size.

bending radius of FEL-I
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Figure 3.3-14 The relation of the residual curvature and spot size change of M2b at 1.9

mrad
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Figure 3.3-15 The relation of the residual curvature and spot size change of M2a at 4

mrad
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3.3.2 Crystal Monochromator

3.3.2.1 Specifications and Functions

Energy Range: 3-15 keV

Monochromaticity Requirement: 2x10*#@Si(111), 5x10°@Si(311)

Position Stability Requirement: The beam position should remain unchanged within a 50
eV range, with a maximum position variation of 10% over a 2 keV range.

The monochromator primarily monochromatizes the light generated by the FEL, requiring

the handling of high thermal loads while maintaining beam stability.

3.3.2.2 Design Scheme

1. Crystal Selection
Based on the experimental station's requirements, crystal planes such as Si(111), Si(220),
Si(311), and Si(333) can be selected. However, in the low-energy region, the Bragg angle of
Si(311) increases sharply (see Figure 3.3-16), necessitating a larger angular range and greater
crystal spacing in the mechanical design of the double-crystal monochromator. In this design,
a maximum rotation angle of 45 degrees is considered; Si(311) can operate above 5.6 keV, while
Si(111) can start from 3 keV. Diamond is also a good option, but current single-crystal diamond

sizes present certain issues.
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Figure 3.3-16 Bragg angles for different Si crystal planes.
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Figure 3.3-17 Darwin widths for different Si crystal planes.
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Figure 3.3-18 Energy resolution for different Si crystal planes.
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2. Monochromator Geometric Parameters
According to the instrument's requirements, the beam position must remain unchanged
during energy scanning. The optical path can vary during the transition from white light to
monochromatic light, utilizing a low-temperature cooled double-crystal monochromator. The
monochromator should be as close to the instrument as possible, located at 332 m in the near-
end experimental hall, with the rotation axis set at the center of the first crystal surface. The
Bragg axis rotation angle ranges from 7° to 45°. The rotation range of the Si(311) crystal does

not cover the 3-5.6 keV range.

Figure 3.3-19 Schematic diagram of the monochromator at two extreme angles. The
height difference H between the incident and outgoing light is fixed at 15 mm. To maintain this
height difference, the distance between the crystals is adjusted by moving the second crystal

along the normal direction. The distance h between the crystals can be expressed as:

B H
" 2cos6

Minimum length of the first crystal:

p X edivl p X Hdivz
sinfg,; ' sinfg,

L; = max (

Minimum length of the second crystal:
— p X Hdivl ( H _ H ) + p X edivz
2 2 X sin 931 2 sin 932 2 sin 931 2 X sin 932

Additionally, it must be ensured that the end of the first crystal does not block the

diffraction light from the second crystal at large Bragg angles:

p X Bdivl
2

Based on the above formulas, the calculated results are shown in Table 3.3-3.

Ly .
?smeBl <H-

Considering the angle range of 5° to 45°, the crystal spacing is 7.53mm < h < 10.61mm. To
ensure the generality of the crystal holding mechanism, Si(111) and Si(311) will use the same

dimensions, with the length of the first crystal set at 30 mm and the second crystal at 100 mm.
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Table 3.3-3 Crystal monochromator parameter calculations.

crystal angle range H h L1 L2
plane
siany | AL o 7.57~9.98mm 10.9~40.3mm >53.5mm
(5-45°) ™| (7.53~1061mm) | (16.5~37.6mm) | (>86.1mm)
sigin | 1460425 | 7.75~10.17mm 6.9~37.5mm >24.9mm
(5-45°) MM (7.53~10.61mm) (16.53~35.8) (>87mm)
(a) 45°
Q
4
N
&
FEL \Qb\ 15mm
n}Q
®)3 100mm
FEL _— s
30mm

Figure 3.3-19 Schematic diagram of the crystal monochromator.

3. Energy resolution
Energy resolution is a crucial indicator for the crystal monochromator. Assuming no
crystal deformation, the energy resolution of the double-crystal monochromator is determined
by the divergence angle of the incoming light in the vertical direction and the Darwin width of
the crystal.

AE/E = AB coth

A8 = /2 + w?
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Where 1 is the divergence angle of the light source and w is the Darwin width of the
crystal. As shown in Figure 3.3-17, the Darwin width varies with energy for different crystal
planes. The beam's vertical divergence angle ranges from 5.5 to 1.3 prad. It is evident that for
X-ray free electron lasers, the beam's divergence angle is much smaller than the Darwin width
of Si(111); for Si(220), Si(311), and Si(333), there is a certain comparability at high energy

positions.

4. Crystal Requirements

There is limited literature discussing the surface shape error requirements for crystal
monochromators for coherent light. According to the wavefront protection requirements, the
crystal deformation should satisfy:

AO K AY

where AY is the divergence angle ¢ of the incoming light, with the divergence angle of the free
electron laser varying from 2.34 to 0.55 prad. Af is the lattice deformation caused by crystal
deformation, which must be less than one-tenth of the divergence angle o, requiring less than
0.2-0.05 prad for the 3-15 keV range. Additionally, considering the impact of residual height

errors on focusing, the following formula must be satisfied to meet the Strehl ratio requirement:

A

Ah; <
" 714 x 2 x sinf x VN

where Ah; is the residual lattice surface distortion, and 6 is the Bragg angle. When the crystal
is clamped, cooled, and irradiated, the lattice may distort, causing bending and changes in lattice
spacing. These can lead to wavefront distortion, reducing the efficiency of the crystal

monochromator. The following figure shows the basic requirements for lattice distortion.
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Figure 3.3-20 Requirements for residual lattice distortion.

The quality of the crystal surface processing also significantly affects the beam. There
have been multiple reports from Japan's SACLA, primarily considering lattice damage, defects,
and stress caused by processing, which can create speckles in coherent light. Using the
calculation methods from SACLA articles, defects can be treated as phase objects, and as shown
in Figure 3.3-21, under a Strehl ratio of 0.82, the defect error requirement for a single crystal is

that the surface defect error should not exceed 65 nm RMS when accounting for six optical

components.
180 b | S%(220) ]
. . Si(311)
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E : :
#1401 ]
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Figure 3.3-21 Surface defect error requirements for a single crystal calculated for
SR=0.82.
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Figures 3.3-22 and 3.3-23 show the curvature effects on the first crystal due to heating,
simulated using Shadow. The results indicate that when the radius exceeds 500 m, the impact

on flux and resolution is minimal.
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Figure 3.3-22 Resolution changes due to different curvatures of the Si(111) crystal

at 8.9 keV.
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Figure 3.3-23 Resolution changes due to different curvatures of the Si(311) crystal
at 8.9 keV.

5. Thermal Load on the Crystal Monochromator
Tables 3.3-4 and 3.3-5 provide the thermal load and power density for the
monochromator at a repetition frequency of 1 MHz. The data indicate that for high-frequency
FELs, the power density on the monochromator is extremely high. The crystal monochromator
is not suitable for operation at high repetition frequencies; specific working conditions will
require finite element analysis results. If limited to the order of watts per square millimeter, the
repetition frequency should be restricted to 10 kHz or the single pulse energy reduced.

Table 3.3-4 Si(111) absorbed power and power density
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Energy Bragg angle | Pulse energy | Beam size | power Power
[keV] [°] density
(mJ) (mmX>mm) (W)
(W/mm?)
3 41.23 0.93 1.8%2.8 837 145
7 16.4 1.8 0.9x3.2 1620 583
12.4 8.8 0.4 0.57x3.7 387 280
15 7.57 0.06 0.43x3.3 54 33
Table 3.3-5 Si(311) power and power density
Energy Bragg angle | Pulse energy | Beam size | power Power
[keV] [°] density
(mJ]) (mmxmm) (W)
(W/mm?)
5.5 43.4 0.93 1.3x1.9 1170 401
7 32.74 1.8 0.9x1.6 1620 1116
12.4 17.78 0.4 0.57x1.9 387 557
15 14.62 0.06 0.43x1.7 54 64

3.3.3 KB Focusing System

3.3.3.1 Requirements and Functions

Spot size: 5-200 pm @HSS, 1 pm @CDS, 100 nm @CDS
Energy range: 3-15 keV

FEL-I has four sets of KB systems: one is used for HSS, and the other three are used for
CDS.

3.3.3.2 Scheme Design

1. HSS KB

The KB system can cover 3~15 keV, and give a smaller spot size. The spot size can be

changed by bending the mirrors and working in an out-of-focus mode.
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(1) Geometric parameters

The source size for FEL-I is approximately 50 pm. A 5 um spot size requires a 10:1 zoom
ratio. If the KB system is placed at 340 m, the image distance needs to be 34 m. A long image
distance requires high stability of the KB system. The KB image distance needs to be set in an
acceptable range. According to the working distance requirements of HSS, the minimum image
distance is approximately 5 m. Thus, two mirrors are set at 340 m and 341.2 m. The theoretical
spot size is less than 1 um. And The KB system can work in an off-focus mode to fulfill the

requirements of experiments.

The mirror length is 1 m long with a 0.9 m clear aperture and a 4 mrad grazing angle. It
has two coatings, B4C and Ru, for 3~7.5 keV and 7~15 keV, respectively (Figure 3.3-24). At 3
keV, the 40 beam size is approximately 3.2 mm, and for 0.9 m, a clear aperture can accept 3.6
mm. The HSS requires that the spot size on the sample be varied from 5 pm to 200 pm.
Therefore, the mirrors are bendable and have a pre-elliptical shape that can focus the beam to

the smallest spot and then bend to a larger radius to defocus and realize a larger spot size.

—— B4C@3.9mrad |
—— B4C@4d.0mrad

B4C@4.1mrad |
\\ — Ru@3.9mrad
|| —— Ru@4.0mrad

l
|'—— Ruo@4.lmrad

Reflectivity

50 1.5 woe 125 150 175 200 225 250

Energy[keV)

Figure 3.3-24 Reflectivity of B4C and Ru

(2) Figure error requirements
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Figure 3.3-25 Height error requirement of the HSS KB system when SR=0.82

As shown in Figure 3.3-25, the height error requirement is less than 0.5 nm RMS at 15
keV, but the limit from the manufacturer is 0.5 nm RMS. In addition, this KB system works in
the off-focus mode. This means that the uniformity of the spot is more sensitive to height error,
but the requirement has reached the limit. When the endstation works in the accumulation mode,
the spot will become more uniform and larger than that in the single pulse mode due to the

instability of beam.

(3) Heat load

When the endstation works in monochromatic beam mode, most of the heat load is
absorbed by the monochromator, and the monochromator limits the repetition rate. The incident
power on KB mirrors does not exceed 1 W, and the absorption is on the order of mW. The

cooling system is not needed.

In the non-monochromatic beam mode, the maximum absorption power is approximately
20 W at a | MHz repetition rate for B4C coating. When using Ru as the coating, the reflectivity
is only approximately 90%. In this case, although single pulse damage is not a problem, the
heat load is very high. The power density distribution at 7 keV are shown in Figures 3.3-26 and
3.3-27 for different coatings.
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Figure 3.3-26 Power distribution on a HSS KB mirror with B4C coating at 7 keV
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Figure 3.3-27 Power distribution on a HSS KB mirror with Ru coating at 7 keV

2.CDS KB

(1) Geometric parameters

There are three sets of KB systems: one micron-KB, and two nano-KBs. It requires a

high peak intensity, which itself requires the wavefront preservation. It requires 100 nm and 1

um focal spot sizes for different sample sizes.

Many factors affect the focal spot size:

Optical geometrical zoom ratio: This ratio is determined by the ratio of object distance
p and image distance q, but the image distance is limited by the size of the optical
element and the required working distance, and generally cannot be unlimitedly
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L
reduced g > % + Lyyg.

il. Source size: Under the zoom ratio defined in i, the focal spot size is affected by the
source size. The source size is determined by the parameters of the accelerator and
varies with the wavelength. Currently, the source size provided by the accelerator is

approximately 30~50 um.

iii.  Numerical aperture (NA): NA limits the minimum spot size. The minimum spot size

can be estimated with the Gaussian beam truncation theory.

iv.  Wavefront distortion: This can be from the original figure error of optics, clamping,

misalignment, and heat load.

Micron-focus KB layout: To focus the beam to 1 um, the KB is set as p,=1145.7, q,=12.3
m, p,=1146.9, and q,=11.1 m. Since the beamline is very long and acceptance is limited by the
mirror length, the focal spot size is mainly determined by the diffraction limit. Figure 3.3-28
shows the spot size, which is calculated with the Gaussian beam truncation theory. The focal
spot size in the energy range above 7 keV can be less than 1 um. The spot size will also be

affected by the coherence, the source size, and the final figure error.

2500
— f=12.3m merror=o.9m
f=11.1m Lmjn'or=o.9m
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=
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Figure 3.3-28 The focal spot size calculated with Gaussian beam truncation theory

In addition, to improve the stability of the beam and focus the beam to the nano focus as
close as possible, a four-bounce KB system will be used, similar to SPB at European XFEL[3,
4]. Two flat mirrors are added. One is a horizontal deflection parallel to the horizontal focusing
mirror; the other is a vertical deflection parallel to the vertical focusing mirror. Such a design

can keep the beam direction unchanged but with horizontal and vertical offsets. At the same
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time, it can make the adjustment of the KB system more flexible and less sensitive to the
stability. The arrangement of mirrors is M3, EM3, EM4 and M4. M3 and EM4 can be moved
out of the optical path to let the beam pass to the nano-KB and SEL.

M3, EM3, EM4, and M4 have two coating strips, B4C and Ru, used for 3~7.5 keV and
7.5~15 keV. On one hand, two coating strips can increase the clear aperture, and on the other

hand, they can suppress harmonics in the low energy region.

The height error requirement is calculated, as shown in Figure 3.3-29. Six optical elements
are considered, and the height error should be smaller than 0.5 nm RMS in the range of 8~15
keV, but the best mirror is 0.5 nm RMS.

To make the system as stable as possible, M3 and EM3 are in the same chamber and marble

support, thereby reducing the effect of vibration. EM4 and M4 are the same.
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Figure 3.3-29 Height error requirements for micron-KB

Nano KB layout: According to the diffraction limit and working distance requirements,
the KB is set as p,=1155.6 m, q,=2.4 m, p,=1154.5 m, and g,=3.5 m. Due to the large zoom
ratio of the focus, the grazing incidence angle difference between the front and rear of the mirror
will be approximately 1.1 mrad. To compensate for this difference, the grazing angle is set to
3.5 mrad, and the coatings are Ru and B4C. The spot size is also determined by the diffraction
limit. The theoretical spot sizes in the two directions are shown in Figure 3.3-30. The calculation
includes the diffraction limit with truncation and the Gaussian beam without truncation. Due to

the q difference, the horizontal focus size will be larger. The height error is better than 0.5 nm

RMS.
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Figure 3.3-30 Spot size estimated with diffraction-limited and Gaussian beams without

truncation of Nano KB

The second Nano KB layout: At the end of the experimental station, a KB system with a
focal length of 1 m is set. After this KB, the differential pumping system cannot be installed
and considered using a window and working with a low repetition rate. As shown in the Figure
3.3-31, focusing below 100 nm can be achieved. The grazing incidence angle is 7 mrad with Ir
coatings. The energy range of this KB is 3-10 keV. The surface accuracy requirements are the

same as above.
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Figure 3.3-31 Spot size estimated with diffraction-limited with truncation and Gaussian

beams without truncation of the second Nano KB

(2) Acceptance

The Acceptance of KB is a problem in the CDS. The micron KB and Nano KBs have
3.6mm and 3.15mm clear apertures. The acceptance is shown in Table 3.3-6. The acceptance is
very small in the lower energy range. The M2a/M2b can slightly converge the beam by bending,
but this only can converge in the horizontal. The CRL1 also can be used to weakly focus the

beam for the high energy range weakly.

Table 3.3-6 Acceptance of KB at CDS

EnergvikeV] 301501701124 115.0
Divergence(FWHM) | 55| 4 [25] 1.7 | 1.3

Acceptance micron- | 1.3 18|30/ 43 | 57
Acceptance first 1.211.6 26| 3.8 | 5.0
Acceptance second [ 2.4 3.2 5.2 - -

(3) Heat load

The same as HSS KB mirrors, the heat load of Ru coating is very high. And the footprint
is big as it is more than 1100m far from the source. Figures 3.3-32 and 3.3-33 show the power

distribution of CDS KB mirror with different coatings at 7keV.

FEL
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Figure 3.3-32 The power distribution on a CDS KB mirror with B4C coating at 7 keV
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Figure 3.3-33 The power distribution on a CDS KB mirror with Ru coating at 7 keV

3.3.4 CRL system

3.3.4.1 Requirements and Functions

There are three sets of CRLs in the beamline, and the working energy ranges are from 5
keV to 15 keV. The first set serves as a collimated CRL. The second set provides a 5 um focus

for the HSS endstation. The third set provides a 5 um focus for the CDS endstation.
3.3.4.2 Scheme Design

1. Principle of CRL

For X-rays, the complex refractive index of a material can be expressed as n=1-3-13, where
o represents the correction of the real part of the refractive index and is a positive number much
less than 1, and B is related to the absorption of the material. The refractive index of X-rays is
very close to 1. The focusing of X-rays can be achieved by using concave lenses. Because 0 is
very small, a combination of multiple concave lenses is often required. Such a combination of
concave lenses is called a compound refractive lens (CRL). Figure 3.3-34 shows the schematic

diagram of the parabolic CRL, where R is the lens radius, d is the central thickness, Z; is the
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lens thickness, 2R, = 2\/ 2R - 0.5(Z; — d) is the geometric aperture.

2R,

« 7,

Figure 3.3-34 Schematic diagram of the parabolic CRL

(1) Focal length

The lens material is Be, which has good transmittance, high thermal conductivity, and high
damage threshold. Different numbers of lenses are used to achieve different focal lengths for
specific energy, and the same focal length needs different combinations of lenses for different

energies. The principle diagram is shown in Figure 3.3-35. The focal length is determined by

1 _Z NL'
26f  LuiR;

where f is the focal length, N; is the number of lenses, and R; is the radius of the lenses,

the following formula:

5 Meic focusi
iy, 18 focusing power.
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Figure 3.3-35 Schematic diagram of the CRL stack

(2) Effective aperture

Although the absorption of Be is small, tens of lens also cause changes in the effective

aperture. The effective aperture can be expressed[5-7] as:

Desy = j — (1 - e_CN'RRg’mm)

CN ,R

N; . . .
Where Cy r = By, = for the theoretical calculation without errors.
, 2 <R,

(3) Transmission

The optimation of CRL is to have the best transmission, and the transmission can be

calculated by the following formula:

—UNind i
T = e #Ni <1 _ e‘(%"'ﬂzinl}\g’_i)R(z),min)
N:
1+ 202.“ Zinﬁ
i

where p is the linear absorption coefficient, Ny, is the lens number, ¢ is the standard

deviation of the intensity distribution for Gaussian beam.
(4) Commercial lenses

The CRL design is based on the commercial Be lenses. The specifications provided by
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RXOPTICS are shown in Table 3.3-7.

Table 3.3-7 Standard CRL parameters provided by RXOPTICS

Radius of curvature Beryllium Beryllium
R(mm) 2D lenses 1D lenses
0.05 X
0.1 X
0.2 x X
0.3 X X
0.5 X X
1.0 X X
1.5 X
2.0 X
2.5 X
3.0 X
4.0 X
5.0 X

2. CRLI1

The CRLI1 is placed in front of the offset mirrors. This can be combined with other CRLs

to focus the beam and weakly focus for increasing the KB acceptance.

The CRL1 is placed at 200 m away from the source. The requirements of the focusing
power for different energies are shown in Figure 3.3-36. According to the focusing power, a
group of lenses is selected, as shown in Table 3.3-8. There is a customized lens with 5.8 mm
radius to avoid damage of instruments in the far experimental hall (FEH). The first optimation
of transmission and the focal length was performed. Figure 3.3-37 shows (a) the focusing power,
(b) the effective aperture and 66 beam size, (c) the focal length differences (Af = f — frca1)s

(d) the transmission of the optimized combinations. The effective aperture is much larger than
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the beam size. The focal differences are larger than 20m for some energies, and the image
distances are calculated with the real focal length of CRL1, as shown in Figure 3.3-38. When
the image distances are plus, the beam is converged and focused at these positions. It is
dangerous and maybe damage the instruments. The minimum image distance is 1500 m, and
the beam size at 340 m (in the NEH) is 3/4 of the beam size on CRL1, while the beam size at
1140 m (in the FEH) is 1/4 of beam size on CRL1. It can damage instruments, so the second
optimation for FEH was performed. Figure 3.3-39 shows the image distance when optimized
for FEH. Figure 3.3-40 shows the result of the second optimization. In addition, if the final
divergence of FEL may be 1.5~3 times of the simulation result, CRL1 can be set to slightly

converge the beam to keep the acceptance of the following optical elements.
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Figure 3.3-36 Focusing power requirements of CRL1 (=200 m)

Table 3.3-8 CRL1 lenses

Actuator 1 2 3 4 5 6 7

Lenses NxR (mm) | 1x5.8 | 1x5.0 | 1x4.0 | 1x3.0 | 1x2.5 | 2x4.0 | 2x3.0

N/R (mm-1) 0.17 0.2 0.25 0.33 0.4 0.5 0.67
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Figure 3.3-37 (a) the focusing power, (b) the effective aperture and 6 beam size, (c) the
focal length differences (Af = f — frea1), (d) the transmission of the first optimization

for CRL1 (f=200 m)
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Figure 3.3-38 The image distance for the first optimization of CRL1 (=200 m)

Image distance[m]

Figure 3.3-39 The image distance for the second optimization of CRL1 (=200 m)
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Figure 3.3-40 (a) the focusing power, (b) the effective aperture and 6 beam size, (c) the
focal length differences (Af = f — f,ea1), (d) the transmission of the second optimization

for CRL1 (f=200 m)

3. CRL2

CRL2 is placed at 10 m before the HSS sample position, and is combined with CRL1 to
focus the beam to HSS. Figure 3.3-41 shows the focusing power requirement, and Figure 3.3-
42 shows the Rayleigh length. The minimum Rayleigh length in the range of 5~15 keV is 60

mm. According to the focusing power, an optimization of transmission and cost is performed,
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finally, a group of lenses is selected, as shown in Table 3.3-9.
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Figure 3.3-41 Focusing power requirements of CRL2 (f=10 m)
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Figure 3.3-42 Rayleigh length of CRL2 (f=10 m)

Table 3.3-9 CRL2 lenses

Actuator 1 2 3 4 5 6 7 8 9 10
Lens
1x5.0 | 1x4.0 | 1x2.5 | 1x2.0 | 2x2.5|2x2.0|3%x1.5|4x1.0 | 4x0.5 | 5x0.3
NxR(mm)
N/R(mm'l) 0.2 0.25 0.4 0.5 0.8 1.0 2.0 4.0 8.0 | 16.67
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The focusing power, effective aperture, focal length differences, and the transmission are
shown in Figure 3.3-43. The maximum relative focal length error is 50mm, and the CRL1 focal
length error also needs to be considered. Therefore, an adjustment along the optical path is set
to compensate for the focal length error of CRL1 and CRL2. Figure 3.3-44 shows the spot size

calculated with the Gaussian beam.
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Figure 3.3-43 (a) the focusing power, (b) the effective aperture and 66 beam size, (c) the

focal length differences (Af = f — frear), (d) the transmission of CRL2 (=10 m)
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Figure 3.3-44 The focal spot size of CRL2 (=10 m)

4. CRL3

CRL3 is set to focus the beam for the second chamber of the CDS. The parameters are the
same as CRL2. But as described above, the CRL1 is needed to work at a optimized combination
for collimating the beam near 5 keV. CRL3 can be used for experiments that do not require a

small spot.

5. Requirements of CRL
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Figure 3.3-45 Figure error requirement of CRL when SR=0.82

The Be lens has some imperfections, and it will take the phase error into the wavefront.

Figure 3.3-45 shows the total RMS figure error requirements when SR=0.82. The figure error
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of an individual lens is about 0.5~2 um [8]. CRL1 and CRL2 are 32 pieces in total, which means

the total figure error of convolution is about 2.8 pm to 11um. So the better performance requires

measurement and selection of CRL.

6. Heat load

From the above analysis, the absorption of CRL1 is 1%~5%. Figure 3.3-46 shows the
absorbed power and power density for | MHz. The maximum heat load is less than 50W, but

the power density is higher than 2000 W/mm?.
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Figure 3.3-46 (a) Absorbed power and (b) power density on CRL1

CRL2 has two modes. One is the mono-beam mode, and its heat load is less than 22 W
(see Figure 3.3-47), and it is absorbed by several pieces of lenses. The other is the pink-beam

mode, and its heat load is more than 400W (see Figure 3.3-48), and the power density is similar
to CRLI.

All of the above estimations is based on the tapered mode.

48



(a) Absorbed power

20 1 g i
z
=
g 1or i
o
=¥
0‘..i..ki.‘.i.‘.|‘..1‘.*
(b) Power density
rﬂg I T T T T
= 100 1
E
2
% 50 4
o=
8
z
=]
& ok ]

Figure 3.3-47 (a) Absorbed power and (b) power density on CRL2 for mono beam

(a) Absorbed power
400F i — A— S —
z
g 200 f
Q
oy
0 C 1 1 | 1 1 T
(b) Power density
nE I T T T T T T I T T T T T T T T
= 2000 1
£
2
g 1000 | 1
o
3}
B
Qo
- S S (SO S e SN
6 8 10 12 14
Energy[keV]

Figure 3.3-48 (a) Absorbed power and (b) power density on CRL2 for pink beam
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3.3.5 Attenuator

3.3.5.1 Specifications and Functions

Since the pulse energy can reach hundreds of microjoules, single-pulse damage will occur
when it is focused on any material. The high repetition rate will cause multipulse damage, even
with no focus. Thus, extreme care should be used when operating the FEL. It is easy to destroy
instruments and even the vacuum pip. During beamline commissioning and experiment
preparation, the repetition rate should be set lower, and the beam should be attenuated to a non-
damage level. In addition to ensuring the safety of the beamline and the endstations, the safety

of the attenuator itself is also important.
Energy range: 3~15 keV
Attenuation coefficient: 1~107°

Clear aperture: >®10 mm

3.3.5.2 Physical Scheme

In the energy range of 3~15 keV, a gas attenuator can be considered. N2, Ar, Xe, and other
high-Z gases can attenuate X-rays in the low-energy range. The advantage of gas is that it has
little effect on the wavefront. In the high-energy range, the gas cell length and gas pressure
requirements are high, so the solid attenuator has to be used. The solid attenuator should be

uniform and radiation-resistant.

When a 15 m-long gas cell is filled with N2 and Ar gas, the pressure requirements for
different energies are shown in Figures 3.3-49 and 3.3-50. With 30 Torr as the upper limit, the
use of nitrogen is difficult to attenuate in the hard X-ray energy range, while Ar gas can attenuate
at least one order of magnitude from 3~15 keV. Under a high repetition rate, the recovery of

gas after ionization needs to be considered and further researched.
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Figure 3.3-49 Pressure requirements of N2 for a 15 m long gas cell
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Figure 3.3-50 Pressure requirements of Ar for a 15 m long gas cell

The solid attenuator can be made of CVD, Si, graphite, and SiC. They have good
uniformity and thermal conductivity. Figure 3.3-51~53 shows the material thickness

requirements for different attenuation orders.
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Figure 3.3-52 Requirements of graphite thickness for different attenuation orders
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Figure 3.3-53 Requirements of CVD thickness for different attenuation orders

The optimal solution is to use Ar gas attenuator as pre-attenuator and a solid attenuator as
post-attenuator when run at the high repetition rate. First, the beam is attenuated by at least one
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order of magnitude by Ar, and then it is attenuated downward with a solid attenuator. The Ar
can give 6 orders attenuation in the lower energy range, and then the solid attenuator can be out
of the beam. The solid attenuator configuration is given in Table 3.3-10. CVD must always be
used to protect Si in the optical path. CVD is configured to up to 10 mm with a 40 um step, and
with graphite, 6 orders of attenuation can be achieved below 13 keV. Si is configured up to 5
mm with an 80 um step, and 6 orders of attenuation can be achieved below 14 keV. For the high

repetition rate, the CVD also has the risk of damage, so the gas attenuator should be used first.

Table 3.3-10 Solid attenuator configuration

Arm NO. 1 2 3 4 5 6 7 8
1 | Material CVvD CVD CvD | CVD | CVD | CVD | CVD | CVD
Thickness 40 80 160 320 640 | 1280 | 2560 | 5000
(m)
Material | Graphite | Graphite | Si Si Si Si Si Si
Thickness | 10000 20000 80 160 320 640 | 1280 | 2560
(nm)
empty empty | empty | empty | empty | empty | empty | empty
3.3.5.3 Heat load

Figure 3.3-54 shows the attenuation length and power density of different materials at 1
MHz repetition rate and tapered mode. The power density is very high. There needs a power
density threshold from FEA. When the power density is higher than the threshold, the gas
attenuator should be working to absorb most of the heat load; otherwise, the solid attenuator
can work independently. Even if the solid attenuator works independently, there should be rules

to ensure the safety of Si.
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Figure 3.3-54 (a) Attenuation length and (b) power density on solid attenuator

3.4 Suppression of higher harmonics

The third-order harmonic content of the source is shown in Figure 3.3-1, and the third
harmonic content is less than 2%. Figure 3.3-1 shows the high-order harmonic transmission
efficiency of the optical system. When KB mirrors are used, at 3~7 keV, the high-order
harmonic transmission efficiency is less than 2x10. Taking the harmonic content of the source
into account, it is less than 4x10°. When using CRL, at 5~7 keV only the offset mirror is
considered, and the transmission efficiency of the higher harmonics is less than 4x107
(considering the harmonic content of the source, it is less than 8x10°). At 7~15 keV, only the
offset mirror group is considered, and the transmission efficiency of high-order harmonics is
less than 2x107. Considering the harmonic content of the light source, it is less than 4x107. In
reality, there is also Ru coating KB, which makes the harmonic content much lower. CRL with

an order selection aperture also makes harmonics content lower.
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3.5 Damage calculations

For single pulse damage, according to the existing results and experience[9-12], material
melting or ablation can be estimated by the energy absorbed by each atom within each pulse. If
the instantaneous lattice temperature rises above the melting temperature of the material, or
above the phase-transition temperature (such as carbon), significant damage will occur due to
the absorbed energy. The single pulse damage thresholds of typical coating materials, such as

SiC, B4C, Ru, Pt, and Rh, have been reported. According to the Dulong-Petit law,the single
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Figure 3.3-1 Transmission efficiency

pulse damage threshold can be calculated using the following formula:

Figure 3.5-1 shows the single-pulse damage threshold of some materials frequently used

Dth ~ 3kBTmeltf

in FELs.
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Figure 3.5-1 Damage threshold of different materials

For total reflection coatings, the following formula can be used to estimate the absorbed

dose:

_ 4In2(1 — R)PAsind
ab — h2N,dp

d= /dxz +d,*

where R is the reflectivity, P is the incident energy, p is the material density, 8 is the grazing

incidence angle, N, is the Avogadro constant, 4 is the atomic mass, d, is the penetration depth

of X-rays during total reflection, and it is determined by the following formula:

1 2V2
d—=#\/\/(26—02)2+4ﬁ2+26—92
X

d. is the collision length of the electron related to the energy of the electron and the nature
of the material. There are many related studies, but they mainly use measured data, and there
are no formulas for calculating the collision length. However, it is very important, especially

when the coating is working in the total reflection.

In the case of a transmissive device, in the above formula, R=0, and d is calculated with

the absorption length.

According to the above formula, the absorbed dose is calculated for the offset mirrors, the
monochromator, the KB mirror system, the solid attenuator, and the CRL. The calculation

process uses a single pulse energy of 2 mJ, and the beam divergence angle is based on the source
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parameters. The calculation results are shown in Figure 3.5-2~7. It can be seen that neither the

offset mirrors nor the monochromator exceed 0.1 eV/atom. When Ru is at 340 m, the absorbed

dose in the high-energy range is greater than 0.1 eV/atom. However, because the pulse energy

at the high-energy position is much smaller than 2 mJ, the final absorbed dose is low. The CRL

and solid absorber are also far less than 0.1 eV/atom. Therefore, the materials currently used

will not suffer single pulse damage.
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Figure 3.5-2 The absorbed dose of B4C coating and Si crystal when the pulse energy is 2
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Figure 3.5-5 The absorbed dose Ru coating when the pulse energy is 2 mJ
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Figure 3.5-7 The absorbed dose of the solid attenuator when the pulse energy is 2 mJ

3.6 Vibrations

The stability of the source and the optical elements will affect the flux, spectral resolution,

and spot position on the sample. The effects of different sources are expressed as follow:
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Figure 3.6-1 Schematic diagram of the vibration analysis

The source lateral position vibration:

q

Ve = V. X ————
¥+,

The vibration along the normal direction of the plane mirror:

q
V.=2XV X——
ps p1 + D2
The pitch vibration of the plane mirror:
p1Xq
V..=2XV X——
pas L

The vibration along the normal direction of the reflective focusing mirror:

+ —
VrSZVXpl P2 —q
p1t D2

The pitch vibration of the reflective focusing mirror:
Vias =2 X Vg X q

The CRL pitch vibration does not theoretically affect the spot position, and the effect of

the lateral position vibration is expressed as follows:
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+p,+
VCS=V><p1 p2T(q
p1 + D2

All of the above effects are convolved in directions according to the configuration of the

beamline.

For the HSS endstation, the horizontal direction considers the offset mirrors and the
horizontal focusing mirror, while the vertical direction considers the monochromator and the
vertical focusing mirror, as well as the CRL. Figures 3.6-2~5 gives the effects of different cases

in both directions.
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Figure 3.6-2 Comparison of the horizontal spot movement on the sample (HSS CRL

case)
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Figure 3.6-3 Comparison of the vertical spot movement on the sample (HSS CRL case)
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Figure 3.6-4 Comparison of the horizontal spot movement on the sample (HSS KB case)

HSS_CRL_V

—— Mono_z |

—— CRL_z

Mono_rx
1

50

100

150

viberation/nm(pitch/nrad)

HSS-KB_H

200

MI1_rx
M2 rx
KBH_rx

50 100 150
viberation/nm(pitch/nrad)

61

200




HSS-KB_V

H/V viberation/nm

-2 I 1 1 I
50 100 150 200
viberation/nm(pitch/nrad)

Figure 3.6-5 Comparison of the vertical spot movement on the sample (HSS KB case)

For the CDS endstation, the horizontal direction considers the offset mirrors and the
horizontal focusing and deflection mirror, while the vertical direction considers the the vertical
focusing and deflection mirror. Figures 3.6-6~11 gives the effects of CRL and KB in different

directions. Figures 3.6-6~11 gives the effects of different cases in both directions.
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Figure 3.6-6 Comparison of the horizontal spot movement on the sample (CDS micron

KB case)
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Figure 3.6-7 Comparison of the vertical spot movement on the sample (CDS micron KB

case)
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Figure 3.6-8 Comparison of the horizontal spot movement on the sample (CDS nano KB

case)
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Figure 3.6-9 Comparison of the vertical spot movement on the sample (CDS second nano

KB case)
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Figure 3.6-10 Comparison of the horizontal spot movement on the sample (CDS second

nano KB case)
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Figure 3.6-11 Comparison of the vertical spot movement on the sample (CDS second

nano KB case)

3.7 Optical component list

Table 3.7-1 Technical specification of the M1 and M2a/M2b mirrors

Ml M2a M2b
mirror mirror mirror
Ofg;i“ng 3keV~15 3keV~7 6keV~15
1ra.nggey keV keV keV
FWHM
Fo\())\{c rint 314x1.25 | 327x1.31 |353%0.67
(L X%V) mm?’ mm® mm?
tical
?gtilxcz: 950 950 950
lenoth | Mmx40 | mmx40 | mmx40
( LX%V ) mm mm mm
i\grlgzz horizontal | horizontal horizontal
direction reflection | reflection |reflection
Coang | po | pe | B
?122;11?}% > 95% bulk
ﬂi‘éiiiﬁi >500A | >500A | >500 A
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Mirror Single Single Single
substrate Cgstal C}'ystal C}'ystal
Silicon Silicon Silicon
S e | e P
bending)® (bendable) |(bendable)
Shape
(after NA Cylinder | Cylinder
bending)
Grazing | 1.9 mrad
incidence &4 4 mrad | 1.9 mrad
angle mrad
Tangential
slope error | _) 5 <0.05 <0.05
before
bending urad prad prad
(RMS)
Height
SO 1 0.5nm/2 | 0.50m/2 | 0.5nm/2
before
: nm nm nm
bending
(RMS/PV)
Sagittal
slope error | <1 prad | <1 prad | <l prad
(RMS)
Roughness
(RMS’ <02nm | <0.2nm |<0.2nm
with
coating)
Vacuum <1x10*Torr, particle free

Table 3.7-2 Crystal monochromator

Parameter Value
Crystal Si(111), Si(311)
3-15keV@ Si(111)
Energy range 5.6 - 15keV@ Si311)
. 2x10*@ Si(111
Energy resolution Sx 10_5% Sig3 1 1%
Location from source 332m
Incident Beam height 1300m
Beam vertical offset (full energy range) 15 mm
Bragg angle -5° - 45°
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Si(111):7.58~41.3°
Si(311):14.62~42.5°

Crystal dimention

1t 30x30x30mm’@ Si(111)
(footprint 11mm @Si(111))
30x30x30mm’*@ Si(311)
(footprint 7mm @Si(311))
20d: 100x30x30mm*@ Si(111)
(footprint 54.5mm@Si(111))

100x30x30mm’°@ Si(311)
(footprint 25mm@Si(311))
lurad@ Si(111
Slope error lﬁrad% s&sni
Defects thickness <60nm
Roughness <1 nm
Maximum Beam cross section at 1*' crystal 4.8mmx4.8mm (HxV)
Maximum heat load 18W @7keV&10kHz
RoC Center of the first crystal
Beam stability 50nrad
cooling Cryo-cooling

Vacuum pressure in operation 1217 I 5 5 &

1x10°Torr, particle free
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Table 3.7-3 Technical specification of KB system

EM1 EM2 M3/M4 EM3 EM4 EMS5 EM6 EM7 EMS8
Operating energy| 3-15 keV
range
FWHM f{ i
WHM footprint) ) 71 9 nm? [467x1.9 mm2| 126703 | 1567%63 mm? | 1567x6.3 mm2| 1815X04 | 181564 1 1848x6.5 | 1848x6.5
(LxW) mm mm mm mm mm
tical effecti
gﬁ;ﬁ (eL:;vl;e 950x40 mm? | 950x40 mm? | 950x40 mm? | 950x40 mm?> | 950x40 mm? | 950x40 mm? | 950x40 mm? | 950x40 mm? | 950x40 mm?
Mirror surface horizontal Vertical Horlrzt(i)(r:lsll/\/e horizontal Vertical horizontal Vertical horizontal Vertical
direction reflection reflection . reflection reflection reflection reflection reflection reflection
reflection
Coatine material Two  stripes| Two stripes | Two stripes | Two stripes Two stripes | Two stripes | Two stripes | Two stripes | Two stripes
g B.C/Ru B.C/Ru B4C/Ru B4C/Ru B4C/Ru B4C/Ru B4C/Ru B4C/Ru B4C/Ru
S(t:r(i)a?/rtlﬁavrrllq%ﬁi 19mm/2mm | 19mm/2mm | 19mm/2mm | 19mm/2mm 19mm/2mm | 19mm/2mm | 19mm/2mm | 19mm/2mm | 19mm/2mm
p 2 /19mm /19mm /19mm /19mm /19mm /19mm /19mm /19mm /19mm
Coating density | >95% bulk | >95% bulk | >95% bulk | >95% bulk >95%bulk | 295% bulk | >295% bulk | >95% bulk | > 95% bulk
ﬂfi‘éiﬁi >500 A >500 A >500 A >500 A >500 A >500 A >500 A >500 A >500 A
. Single Crystal [Single Crystal|Single Crystal| Single Crystal | Single Crystal |Single Crystal|Single Crystal|Single Crystal|Single Crystal
Mirror substrate . . . .. .. .. . . .
Silicon Silicon Silicon Silicon Silicon Silicon Silicon Silicon Silicon
Shape (before Elliptical Elliptical L L L L L L
bending)® (bendable) (bendable) Plane Elliptical Elliptical Elliptical Elliptical Elliptical Elliptical
Shape (after Elhptlcal Elhptlcal
bending) cylinder cylinder
& (bendable) | (bendable)
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p/q 340m/6m 341.2/4.8m 1145.7m/12.3m|1146.9m/11.1m|1154.5m/3.5m|1155.6m/2.4m|1175.9m/2.1m| 1177m/Im
radius 2947.99m 2366.71m 6084.69m 5496.81m 1174.72m 1197.52m | 1048.131m 499.58m
Grazing angle 4 mrad 4 mrad 4 mrad 4 mrad 4 mrad 3.5 mrad 3.5 mrad 3.5 mrad 3.5 mrad
tangential slope
error before <0.05 prad | <0.05 prad | <0.05 prad <0.05 prad <0.05 prad <0.05 prad | <0.05 prad | <0.05 prad | <0.05 prad
bending
Height error
before bending | 0.5 nm/2nm | 0.5 nm/2nm | 0.5 nm/2nm | 0.5 nm/2nm | 0.5 nm/2nm | 0.5 nm/2nm | 0.5 nm/2nm | 0.5 nm/2nm | 0.5 nm/2nm
(RMS/PV)
Se?rg;;t?i{s;;)é); <1 prad <1 prad <1 prad <1 prad <1 prad <1 prad <1 prad <1 prad <1 prad
Roughness
(RMS, with <0.2 nm <0.2 nm <0.2 nm <0.2 nm <0.2 nm <0.2 nm <0.2 nm <0.2 nm <0.2 nm

coating)
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Table 3.7-4 CRLI1 lenses

Actuator 1 2 3 4 5 6 7 8
Lenses NxR (mm) 1x7.0 1x5.8 1x5.0 1x4.0 1x3.0 1x2.5 2x4.0 2x3.0
N/R (mm-1) 0.14 0.17 0.2 0.25 0.33 0.4 0.5 0.67

Table 3.7-5 CRL2/CRL3 lenses

Actuator 1 2 3 4 5 6 7 8 9 10
Lenses NxR
(mm) 1x5.0]1x4.0|1x2.5[1x2.0| 2x2.5 |2x2.0{4%2.0| 4x1.0 | 4x0.5| 5x0.3
N/R (mm-1) 0.20 | 0.25 1 0.40 | 0.50 | 0.80 | 1.00 | 2.00 | 4.00 8.00 | 16.67
Table 3.7-6 CRL2-1D lenses
Actuator 1 2 3 4 5 6
Lenses NxR (mm)|6x1.0{5x1.0|4x1.0{3x1.0| 2x1.0 |1x1.0
N/R (mm-1) 6.00 | 5.00 | 4.00 | 3.00 | 2.00 | 1.00
Table 3.7-7 Solid attenuator configuration
Arm NO. 1 2 3 4 5 6 7 8
1 Material CVD CVvD |CVD|CVD |CVD |CVD |CVD| CVD
Thickness 40 80 160 | 320 | 640 | 1280 | 2560 | 5000
(um)

2 Material | Graphite | Graphite | Si Si Si Si Si Si
Thickness | 10000 20000 80 160 | 320 | 640 | 1280 | 2560
(um)

Hi

Hi
Hi
Hi
HE
HE
Hi
HE
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4. Beamline components

X
Z

Yaw C_ Pitch

<; Roll
ﬂ Y

Figure 4-1 Axes definition for mirror system

Z

Yaw

g Roll
A—v

Figure 4-2 Axes definition for the chamber support system

4.1 Offset mirror

Table 4.1-1 Requirements of the offset mirror

Ml
mirror

Operating |3 keV~15| 3 keV~15 | 3 keV~I15
energy range keV keV keV

M?2a mirror |M2b mirror
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PWHM 314x105 ) 3270131 | 353067
ootprint 5 mm? mm?
(LXW) i
Optical 950 950

active length | mmx40 mmx40 930 mmx40
(LXW) mm mm mm
Mirror horizontal | horizontal | horizontal
surface . . .
.. reflection | reflection | reflection
direction

Coating B4C B4C B4C
material
goa“.ng > 95% bulk

ensity

Coating

thickness | 300 A | >500A >500 A
Mirror Single Single Single

substrate Crystal Crystal Crystal

Silicon Silicon Silicon
(?)lg?gfe Plane Plane Plane
bending)® (bendable) | (bendable)
Shape (after . .
bending) NA Cylinder Cylinder

Grazing 1.9 mrad

incidence & 4 4 mrad 1.9 mrad
angle mrad

Tangential

slope error
before <0.05 <0.05 prad |<0.05 prad

. prad
bending
(RMS)
Height error
before 0.5nm/2 | 0.5 nm/2 0.5 nm/2
bending nm nm nm
(RMS/PV)
Tangential
slope error <0.1 prad | <0.1 prad
after NA (R=30 (R=30
bending at km~1200 | km~2500
full bending km) km)
range(RMS)
3 3
Height error nm/12nm@ nm /12nm@)
after full range | full range
bendin NA 1.5 nm 1.5 nm
(EMS /P%) /onm@ | /6nm@
550mm 550mm
central part | central part
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0.7 nm 0.7 nm
/3nm@ /3nm@
250mm 250mm
central part | central part
2 nm
/8nm@)
full
range
Inm
/Anm@
Final 350mm
requirements central
part
0.5
nm/2nm
@
250mm
central
part
Seirg;;ta(li{i\l/i)gf <1 prad <1 prad <1 prad
Roughness
(RMS, with | <0.2nm | <0.2 nm <0.2 nm
coating)
1/(1200 1/(2500
. km) km )
Do a0
km~1200 | km~2500
km) km)
Bending 1/(249 km) 1/(509 km)
repetitive NA (R=30 (R=30
accuracy km~1200 | km~2500
km) km)
1/(1200
km) 1/(2500 km)
(R=30 (R=30
km~1200 | km~2500
Bending NA km)/  km)/ 10min
stability 10min 1/(800 km)
1/(400 km) (R=30
(R=30 km~2500
km~1200 | km) /24 h
km) /24 h
Cooling vibration-free cooling
Vacuum <1x10™Torr, particle free
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The mirror system should be supported by a manually adjustable mechanism. To
ensure the installation precision, the adjustment requirements are listed in Table 4.1-1.
All the translations require the locking mechanism.

Table 4.1-2 Requirements of the offset mirror chamber support

Motion Range Resolution Note
Pitch (Rx) +0.5° 0.01° Manual
Roll (Ry) +0.5° 0.01° Manual
Yaw (Rz) +0.5° 0.01° Manual

X (horizontal) +50 mm 0.05 mm Manual
Y (along beam) +10 mm 0.05 mm Manual
Z (perpendicular) +50 mm 0.05 mm Manual

The adjustments of the mirror positions are listed in Table 4.1-2. The mirror
support should be isolated from the chamber.

Table 4.1-3 Technical specifications for the adjustment system of the M1 and
M2a/M2b mirrors

Axis MI mirror M2a mirror M2b mirror
Range +20mm +20 mm +20mm
X
Resolution <10 pm <10 um <10 um
Vertical scan
repeatability <50 pm <50 um <50 um
Change
: Pitch and roll ‘
coating area B Pitch <50nrad,roll <50urad
repeatability
Z Range +10 mm +10 mm +10 mm
In/out of the Resolution <I pm <1 um <1 um
beam repeatability <5 pm <5 um <5 pum
Range +0.3° +0.3° +0.3°
Pitch Resolution <20 nrad <20 nrad <20 nrad
repeatability <60 nrad <60 nrad <60 nrad
Range +1.5° +1.5° +1.5°
Roll -
Resolution <10 prad <10 prad <10 prad
repeatability <50 prad <50 prad <50 prad
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Yaw Installation
200 prad 200 prad 200 prad
accuracy
Encoder All the axes with Encoder
Vacuum 1x10Torr, particle free

The effect of X and Z on the pitch must be less than 1.0 prad

The mirror stability requirements are listed in Table 4.1-4.

Table 4.1-4 Stability requirements of the offset mirrors

stability(RMS) offset mirrors

Pitch <50 nrad / 10min (The manufacturer needs to guarantee
itc

the vibration parameter is able to meet this requirement
(RMS, < 100Hz)

based on the condition of SHINE hall.)

roll

<0.5 prad/30min
(RMS, <100 Hz)

4.2 Monochromator

Figure 4.2-1 Diagram of Double crystal monochromator

The diagram of double crystal monochrator is shown in Figure 4.2-1, and axis of
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crystal and chamber is the same as Figures 4-1 and 4-2

Table 4.2-1 Crystal monochromator

Parameter

Value

Crystal

Si(111), Si(311)

Energy range

3 - 15keV@ Si(111)
5.6 - 15keV@ Si(311)

. 2x10*@ Si(111)
Energy resolution 5x10°@ Si(311)
Location from source 332m
Incident Beam height 1300m
Beam horizontal offset (full energy range) 15 mm
Bragg angle -7 - 457
gfa & Si(111):7.58~41.3°
£g Si(311):14.62~42.5°
13 30x30x30mm’*@ Si(111)
(11mm @Si(111))
30x30x30mm’@ Si(311)
. : (7mm @Si(311))
Crystal dimention 2m. 100x30x30mm’@ Si(111)
(54.5mm@Si(111))
100x30x30mm’*@ Si(311)
(25mm@Si(311))
lprad@ Si(111)
Slope error lurad@ Si(311)
Defects thickness <60nm
Roughness <lnm
: : st
Maximum Beam crz)6s(sj )sectlon at 1% crystal 4.8mmx4.8mm (HxV)
Maximum heat load 180W @7keV&100kHz
RoC Center of the first crystal
Beam stability 50nrad
Cooling Cryo-cooling

&

Vacuum pressure in operation i 17 i B 45 &

1x10Torr, particle free

Table 4.2-2 Chamber support requirements

Motion Range Resolution Note
Pitch (Rx) +0.5° 0.01° Manual
Roll (Ry) +0.5° 0.01° Manual
Yaw (Rz) +0.5° 0.01° Manual
X (horizontal) +50 mm 0.05 mm Manual
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Y (along beam)

+10 mm

0.05 mm

Manual

Z (perpendicular)

+50 mm

0.05 mm

Manual
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Table 4.2-3 Technical specifications of the crystal adjustments

DCM
Axis parameter
First crystal Second crystal
Range +80 mm(TBD) +80 mm(TBD)
X Resolution <10 pm <10 pm
Change Crystals and let repeatability <50 um <50 pm
i Pitch and roll
the pink peak pass ' . Pitch<lurad Pitch<lurad
repeatability
roll<2urad roll<2urad
When change crystal
Range +5mm
Resolution <1 pm
T2 repeatability <5 um
Pitch and roll Pitch<lurad
repeatability roll<2urad
Range 0-45°
Resolution <0.4 prad
Bragg
accuracy <I prad
speed 0.5°/s
Range +0.3°
Pitch Resolution <20 nrad
repeatability <100 nrad
Range +1° +1°
Roll -
Resolution <100 nrad <100 nrad
repeatability <500 nrad <500 nrad
Encoder All the axis with Encoder
Cooling Cryo cooling
Vacuum 1x 10—9T0rr, particle free
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a) KB mirrors

4.3.1 KB KB optical requirements

Table 4.3-1 Technical specification of KB system

EM1 EM2 M3/M4 EM3 EM4 EMS5 EM6 EM7 EMS
Operating energy| 315 keV
range
Substrate . i . . . . o . .
material Silicon crystal [Silicon crystal|Silicon crystal| Silicon crystal | Silicon crystal |Silicon crystal|Silicon crystal[Silicon crystal|Silicon crystal
tical effecti
gﬁ;ﬁ (Loow | 950740 mm? | 950x40 mm? | 95040 mm? | 950x40 mm? | 95040 mm?® | 950x40 mm? | 950x40 mm? | 950x20 mm? | 950x20 mm?
Mirror surface horizontal Vertical Horlrzt(i)n;ll/Ve horizontal Vertical horizontal Vertical horizontal Vertical
direction reflection reflection ca reflection reflection reflection reflection reflection reflection
reflection
Coating material B4+C/Ru B4C/Ru B4C/Ru B4C/Ru B4C/Ru B4C/Ru B4C/Ru Pt Pt
Coatine width 19mm/2mm | 19mm/2mm | 19mm/2mm | 19mm/2mm 19mm/2mm | 19mm/2mm | 19mm/2mm 20mm 20mm
g /19mm /19mm /19mm /19mm /19mm /19mm /19mm
Coating density | >95% bulk | >95% bulk | >95% bulk | >95% bulk >95% bulk | >95% bulk | >95% bulk | >95% bulk | > 95% bulk
tﬁiiiﬂfs >500 A >500 A >500 A >500 A >500 A >500 A >500 A >500 A >500 A
. Single Crystal |Single Crystal|Single Crystal| Single Crystal | Single Crystal [Single Crystal|Single Crystal|Single Crystal{Single Crystal
Mirror substrate . o .. . . .. . . .
Silicon Silicon Silicon Silicon Silicon Silicon Silicon Silicon Silicon
Shape (before Elliptical Elliptical . L L L L .
bending)® (bendable) (bendable) Plane Elliptical Elliptical Elliptical Elliptical Elliptical Elliptical
Shape (after Elhptlcal Elhptlcal
bending) cylinder cylinder
(bendable) (bendable)
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p/q 340m/6m 341.2/4.8m 11:31.6m/12. 1147m/11m llsi:ll.SmB. 121'15.6m/2. 1117rr21.8m/3. 11;3.9m/2
radius 2947.99m 2366.71m 6084.68m 5496.80m 1993.95m 1368.59m 951.34m 614.34m
Grazing angle 4 mrad 4 mrad 4 mrad 4 mrad 4 mrad 3.5 mrad 3.5 mrad 7 mrad 7 mrad
tangential slope
error before <0.05 prad | <0.05 prad | <0.05 prad <0.05 prad <0.05 prad <0.05 prad | <0.05 prad | <0.05 prad | <0.05 prad
bending
Height error
before bending | 0.5 nm/2nm | 0.5 nm/2nm | 0.5 nm/2nm | 0.5 nm/2nm | 0.5 nm/2nm | 0.5 nm/2nm | 0.5 nm/2nm | 0.5 nm/2nm | 0.5 nm/2nm
(RMS/PV)
Tangential slope
error after
bending or <0.1 prad <0.1 prad <0.1 prad <0.1 prad <0.1 prad <0.1 prad <0.1 prad <0.1 prad <0.1 prad
clamping
(RMS)
3 3
. nm/12nm@ful nm/12nm@fu
Height error | range Il range
after bending |1.5nm /6nm@ 1 nm/4nm I nm/4nm 1 nm/4nm 1.2 nm/5nm | 1.2nm/5nm | 1 nm/4nm 1 nm/4nm
(RMS/PV)  [400mm central 1.5nm /6nm@
400mm
part central part
Sf:?rgéit?i{sﬁ/?gf <1 prad <1 prad <1 prad <1 prad <1 prad <1 prad <1 prad <1 prad <1 prad
Roughness
(RMS, with <0.2 nm <0.2 nm <0.2 nm <0.2 nm <0.2 nm <0.2 nm <0.2 nm <0.2 nm <0.2 nm
coating)
Bending 4000 km ) | 1/4000 km )
resolution
Bending
repetitive 1/(1000 km) | 1/(1000 km)

accuracy




Bending stability

1/(4000 km)
/10min
1/(1300 km)
/24 h

1/(4000 km)
/10min
1/(1300 km)
/24 h
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4.3.2 HSS KB

The mirror chamber should be supported by a manually adjustable mechanism to
ensure installation precision. The adjustment requirements are listed in Table 4.3-2. All
the translations require the locking mechanism. The whole mirror system should move
along Z axis to change the height and work at pink and mono beam mode. The heigh
different is 15mm.

Table 4.3-2 Mirror chamber support requirements

Motion Range Resolution Note

Pitch (Rx) +0.5° 0.01° Manual

Roll (Ry) +0.5° 0.01° Manual

Yaw (Rz) +0.5° 0.01° Manual

X (horizontal) +50 mm 0.05 mm Manual

Y (along beam) +10 mm 0.05 mm Manual
Piikiij::;zu‘i)aer:m +50 mm 0.005 mm Motor
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The adjustment of the mirror position is listed in Table 4.3-3. The mirror support

should be isolated from the chamber.

Table 4.3-3 Technical specification for the adjustment system of the

EM1/EM2 mirrors

Axis EMI1 EM2
Range +20 mm +20 mm
Vertic):l coan Resolution <10 pm <10 pm
repeatability <50 um <50 pm
Range -10~+2 mm -10~+18 mm
In/out onthe beam Resolution <l pm =1 um
repeatability <5 um <5 um
Range +0.3° +0.3°
Pitch Resolution <0.05urad <0.05 prad
repeatability <0.2 prad <0.2 prad
Range +0.3°
Roll Resolution <10 prad
repeatability <50 prad
Range +0.3° +0.3°
Yaw Resolution <10 prad <10 prad
repeatability <50 prad <50 prad
Encoder All the axes with Encoder
Vacuum 1x10Torr, particle free

The mirror stability requirements are listed in Table 4.3-4.

Table 4.3-4 Stability requirements of HSS KB

Stability (RMS)
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Pitch <50 nrad / 10min (The manufacturer needs to guarantee
itc

the vibration parameter is able to meet this requirement
(RMS, <100 Hz)

based on the condition of SHINE hall.)

4.3.3 CDS micron-KB

The mirror system should be supported by a manually adjustable mechanism to
ensure installation precision. The adjustment requirements are listed in Table 4.3-5. All
the translations require the locking mechanism.

Table 4.3-5 Requirements of the mirror chamber support

Motion Range resolution Note
Pitch (Rx) +0.5° 0.01° Manual
Roll (Ry) +0.5° 0.01° Manual
Yaw (Rz) +0.5° 0.01° Manual
X (horizontal) +50 mm 0.05 mm Manual
Y (along beam) +10 mm 0.05 mm Manual
Z (perpendicular) +50 mm 0.05 mm Manual
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The adjustment of the mirror position is listed in Table 4.3-6. The mirror support
should be isolated from the chamber.

Table 4.3-6 Technical specification for the adjustment system of the M3, M4,

EM3 and EM4
Axis M3 EM3 EM4 M4
Range +20 mm +20 mm +20 mm +20 mm
Verticjl coan Resolution <10 um <10 um <10 um <10 pm
repeatability <50 um <50 um <50 um <50 pm
7Z Range 2~+10mm | -2~+2mm | -2~+10mm | -2~+2 mm
In/out of the Resolution <1 um <1 um <1 pm <1 um
beam repeatability <5 um <5 um <5 um <5 um
Range +0.3° +0.3° +0.3° +0.3°
Pitch Resolution <20 nrad <20 nrad <20 nrad <20 nrad
repeatability | <100 nrad <100 nrad <100 nrad <100 nrad
Range +0.3° +0.3°
Roll Resolution <10 prad <10 prad
repeatability <50 prad <50 prad
Range +0.3° +0.3°
Yaw Resolution <10 prad <10 prad
repeatability <50 prad <50 prad
Encoder All the axes with Encoder
Vacuum

1x10™Torr, particle free

The mirror stability requirements are listed in Table 4.3-7.

Table 4.3-7 Stability requirements of the micron-KB

Stability (RMS)
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Pitch <50 nrad / 10min (The manufacturer needs to guarantee
itc

the vibration parameter is able to meet this requirement
(RMS, <100 Hz)

based on the condition of SHINE hall.)

4.3.4 CDS nano-KB

The mirror bender system should be supported by a manually adjustable
mechanism to ensure the installation precision. The adjustment requirements are listed
in Table 4.3-8. All the translations require the locking mechanism.

Table 4.3-8 Requirements of mirror chamber support

Motion Range resolution Note
Pitch (Rx) +0.5° 0.01° Manual
Roll (Ry) +0.5° 0.01° Manual
Yaw (Rz) +0.5° 0.01° Manual
X (horizontal) +50 mm 0.05 mm Manual
Y (along beam) +10 mm 0.05 mm Manual
Z (perpendicular) +50 mm 0.05 mm Manual
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The adjustments of the mirror positions are listed in Table 4.3-9. The mirror
support should be isolated from the chamber. The local temperature stability should be
lower than 0.05° RMS.

Table 4.3-9 Technical specifications for the adjustment system of the EMS,

EM6, EM7 and EM8
Axis EMS/EM7 EM6/EMS
Range +20 mm +20 mm
Vertic>:1 wcan Resolution <10 um <10 um
repeatability <50 um <50 um
Range -2~+10 mm -2~+10 mm
In/out onthe beam Resolution =1 pm <1 pm
repeatability <5 um <5 pum
Range +0.3° +0.3°
Pitch Resolution <20 nrad <20 nrad
repeatability <100 nrad <100 nrad
Range +0.3°
Roll Resolution <1 prad
repeatability <5 prad
Range +0.3° +0.3°
Yaw Resolution <1 prad <1 prad
repeatability <5 prad <5 prad
Encoder All the axes with Encoder
Vacuum 1x10Torr, particle free

The mirror stability requirements are listed in Table 4.3-10.

Table 4.3-10 Stability requirements of the nano-KB

Stability (RMS)

Pitch <50 nrad / 10min (The manufacturer needs to guarantee
itc

the vibration parameter is able to meet this requirement
(RMS, <100 Hz)

based on the condition of SHINE hall.)
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4.4 Compound refractive lenses

Z

Yaw

<

«!

X

Roll

N

Figure 4.4-1 Axes definition of lens

Y

Table 4.4-1 Technical specifications for the CRL adjustment system

Clear aperture >5 mm
Axes Range Resolution | Repeatability
X 5 mm 0.5 um 1 pm
Alignment of lens
Z 40 mm 0.5 um 1 um
X +20 mm I pm 5 um
Y +150 mm(CRL 2 1 um 5 um
and CRL 3)
Support adjustment | Z(pink and +20 mm 1 pm 5 um
mono beam)
Pitch(r-X) +2° 0.5" 2"
Yaw(r-Z) +2° 0.5" 2"

Vacuum

1x10™Torr, particle free

Cooling

water
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4.5 Solid attenuator

Table 4.5-1 Technical specification for the adjustment system of the solid

attenuator

Energy range

3~15keV

Filter size

20 mmx20 mm

Mask aperture ®10 mm
Number of arms 8
Axes Range Resolution | Repeatability
Arm translation X 130 mm Sum 25um
Support X +30 mm Spum 25um
adjustment 4 +30 mm Spum 25um
Cooling water
Vacuum ~10*Torr
4.6 Power slit

Table 4.6-1 Technical specification of power slit

<1 (WO
Surface roughness of Blade(pum)
<1 (B4C)
Horizontal -20~20
Aperture(mm)
Vertical -20~20
Horizontal 5
Resolution (nm) :
Vertical 5
Horizontal +5(bi-directional)
Repeatability (um) : S
Vertical +5(bi-directional)

Horizontal

<10




Straightness of blade
Vertical <10
edge(pm)
Horizontal <1
Parallelism of blades (mrad)
Vertical <1
Blade material Combination blade of B4C&&WC
Angle of knife edge(°) TBD
Blade movement with Linear Encoder Yes
Vacuum (Torr) <1x10?

X, Z direction :+£20mm;

Support Adjustment Mounted on adjustable support
structure
Each Blade Independent Motions;
Remark Weak Current Extraction;

Fiducial Holes;

5. Performance simulation

5.1 Focus

Figure 5.1-1 shows the focusing spot of CRL at 8.9 keV. Theoretical CRL focusing
can reach 2.4 pmx2.6 um, but since CRLs have thickness errors, radius errors, voids, etc.,
the final focusing spot will be larger. As shown in Figures 5.1-2~6, the beam size can be

changed by the bending mirrors. The height error in use for the simulation is 0.5 nm RMS.

The final height error may be worse, and the enlarged beam will be nonuniform.
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Figure 5.1-1 Focusing spot of HSS CRL at 8.9 keV (a: focus, b: 0.1 m defocus)
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Figure 5.1-2 Focusing spot of HSS KB in focus at 7 keV
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Figure 5.1-3 Focusing spot of HSS KB out of focus at 7 keV (0.2 m defocus)
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Figure 5.1-4 Focusing spot of HSS KB out of focus at 7 keV (defocus 0.5 m)
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Figure 5.1-5 Focusing spot of HSS KB out of focus at 7 keV (defocus 1 m)
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Figure 5.1-6 Focusing spot of HSS KB out of focus at 7 keV (defocus 2 m)
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The focusing spot at CDS is shown in Figures 5.1-7, 5.1-8, and 5.1-9, which are the
results of micron-focus and nano-focus using data from Genesis at 7 keV. The simulation

results are the same as the theoretical analysis results above.

hight error=0.8 nm slope error=50 nrad
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0.5
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X[pm] 1lel9
lel9

Peak density=
3.35e+19 phs/mm?

X FWHM width=140 nm

Y FWHM width=88 nm

Figure 5.1-7 Nano-focus spot of CDS KB with Genesis data f=2 m
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Figure 5.1-8 Nano-focus spot of CDS KB with Genesis data {=2.5 m
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Figure 5.1-9 Micron-focus spot of CDS KB with Genesis data
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5.2 Transmission efficiency

In the HSS, the reflectivity of the offset mirrors, CRL absorption, KB mirror
reflectivity, and diffraction loss are mainly considered. The transmission efficiency is
shown in Figures 5.2-1 and 5.2-2. In the CDS endstation, the offset mirrors, KB mirror
reflectivity, and diffraction loss are considered. The transmission efficiency of CDS KB

is shown in Figure 5.2-3.
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Figure 5.2-1 The efficiency at the HSS when the CRL is used
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Figure 5.2-2 The efficiency at the HSS when the KB is used
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Figure 5.2-3 The efficiency at the CDS

In the energy range of 3-15 keV, the use of CRL and KB focusing in the HSS can
have transmission efficiencies higher than 50%, and most energy ranges are higher than
80%. Affected by the aperture of KB and the diffraction loss at the CDS, the low-energy
range has low efficiency, and the high-energy range can reach more than 50% at 7 keV.
The final efficiency can be improved, especially the loss from the KB aperture, which can

be eliminated by weakly focusing the beam with the CRL or M2a/M2b.
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6. Thermal FEA on the optical elements

6.1 Thermal analysis of the offset mirrors

6.1.1 Thermal analysis model and parameters

000

o0

100.00

15000

20000 ()

Figure 6.1-1 Thermal analysis model of the offset mirrors

Table 6.1-1. Material parameters

g g

Materia | Density Elastic Poisson's Yield Thermal Thermal
1 /kg-m-3 modulus ratio stress conductivit | expansion
/GPa /MPa y/W-m coefficient
1 ,oc-l /oC.l ,
25°C
Silicon 2329 112.40 0.28 120.00 148.00 2.50x107°
Copper 8900 110.00 0.34 220.00 391.00 1.75x10°°
In-Ga 6350 -- -- -- 28 -

Figure 6.1-1 shows the model used in the FEA.
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slotted, and indium gallium alloy is used in the slot. A water-cooled copper block is
immersed in the indium gallium alloy. On one hand, it has a good heat transfer effect,
while on the other hand, it can well isolate the vibration caused by the cooling water from
the mirror. During the simulation process, the distance between the cooling slot and the

optical surface, as well as the size of the cooling slot were optimized and compared.

6.1.2 Analysis of the FEA results

FEA of M1 @ 1MHz: R=42026.983 m,slope_error=0.85 urad
height_error=17.36 nm,fit_Length=313 mm

250
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c
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‘;:’L 0.0 1 N
e
T 254 7
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—100 - L
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position(m)

error(nm)

Figure 6.1-2 Analysis of the results under M1, 7 keV and 1.9 mrad conditions

FEA of M1 @ 1MHz: R=11475.155 m,slope_error=1.35 urad
height_error=12.46 nm,fit_Length=142 mm
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Figure 6.1-3 Analysis of results under M1, 7 keV 4 mrad conditions

99



—— slope error rms

500 -

slope error/nrad

TkeV 12.4keV 15keV

£

(<

= —— height error PV
& 504 g

g

@ 25 -

E

=2 0

[ B T T T

£ TkeV 12.4keV 15keV
E —— height error rms
§ 10 1

il

o

=

2 o

o] T T :

< TkeV 12.4keV 15keV

Figure 6.1-4 The statistical results of the height error and slope error of different

energies under the condition of M1, 1.9 mrad
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Figure 6.1-5 The statistical results of the height error and slope error of different

energies under the condition of M1, 4 mrad

Table 6.1-2 Calculation results of M1 under different conditions
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Grazing | Repetition . Residual Worl.q'n € | Residual
Energy radius . repetition .
angle rate height error radius
(keV) (mrad) (MHz) (m) (nm) rate (m)
(MHz)
3 4 1 81840 8.66 0.2 409200
5 4 1 34662 10.72 0.1 346620
7 4 1 11475 12.46 0.05 229500
7 1.9 1 42026 17.36 0.1 420260
12.4 1.9 1 84368 5.7 0.1 843680
15 1.9 1 374919 0.36 1 374919

Table 6.1-3 Calculation results of M2a and M2b under different conditions

. ) Working
E Grazing .. Residua o .
nergy Repetitio . . repetition | Residua
angle radius | 1height :
(keV (mrad n rate () error rate 1 radius
) (MHz) m (MHz | (m)
) (nm) )
M2a 3 4 1 361236 0.46 1 361236
5 4 1 147525 0.58 1 147525
7 4 1 47551 0.61 1 47551
M2 7 1.9 1 183035 0.78 1 183035
b 12.4 1.9 1 248972 0.14 1 248972
15 1.9 1 178526 0.14 1 178526
1 1

Figures 6.1-2 and 6.1-3 show the results of 7 keV at different grazing incidence

angles. It can be seen that under the conditions of the adopted model, within the FWHM

length of the footprint, the residual height error is 10 nanometers. The expansion

coefficient of the silicon material is linear at this temperature, so as to meet the Strehl

ratio requirement, the heat load needs to be reduced by more than 10 times. Table 6.1-2

and Table 6.1-3 give the working conditions of each component and the radius to be

corrected, respectively.

The above calculations are performed in the 1 MHz taper mode. In the nontapered

mode, the tolerable repetition rate can be increased by 3-5 times.
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6.2 Thermal analysis of the KB mirrors

6.2.1 Thermal analysis model and parameters

The model of the KB mirror horizontal focusing mirror is the same as that of the
offset mirror group, and the cooling of the vertical focusing mirror adopts slot cooling on

one side of the mirror. Other parameters are consistent with the offset lens group

6.2.2 Analysis of the FEA results

2=429139.695 m,b=0.020 m,c=-429139.694 m,
slope_error=0.18 urad,height_error=7.91 nm,fit L.=716 mm

r(nm)

error(nm)

-0.4 —0.2 0.0 0.2 0.4
position(m)

Figure 6.2-1 The results of the CDS KB mirror with B4C coating at 7 keV
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2=87785.328 m,b=0.048 m,c=-87785.315 m,
slope_error=0.42 urad,height_error=15.88 nm,fit L.=716 mm
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Figure 6.2-2 The results of the CDS KB mirror with Ru coating at 7 keV

2=88073.656 m,b=0,006 m,c=-88073.653 m,
slope_error=0.07 urad,height_error=0.87 nm,fit L=212 mm
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Figure 6.2-3 The results of the HSS KB mirror with Ru coating at 7 keV
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Figure 6.2-4 The statistics of the FEA result

Figures 6.2-1~4 show the analysis results of the KB mirrors of the CDS and HSS.
Due to the large footprint on the KB of CDS, the residual height error after fitting has
also reached 10 nm, so the KB also needs to further optimize the cooling methods and

limit the repetition rate.

6.3 Monochromator thermal analysis

6.3.1 Thermal analysis model and parameters

The crystal size is 60 mmx*28 mmx20 mm. The size of the copper block is 60 mmx>10
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mmx20 mm, and the inner diameter of the cooling water channel is 6 mm. Liquid nitrogen
was used for cooling; the reference temperature was 80 K, and the flow rate was 3 L/min.
The FEL repetition frequency is 10 kHz.
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Figure 6.3-2 Si thermal expansion coefficient curve
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Figure 6.3-3 Si thermal conductivity curve

Table 6.3-1 Cu material property parameters

Density (kg/m*) 8900
Modulus (GPa) 110
Poisson’s ratio 0.34
Thermal conductivity 391
(W/(m*k))
Thermal expansion coefficient 1.75
(107/k)

6.3.2 Analysis of the FEA results

The figure shows the results of the finite element analysis. From the results, we can
see the residual height error at 10 kHz. If the Strehl ratio is used, the crystal needs to reach
a residual height error of 0.01 nm. It can be seen from the calculation results that this
requirement can be met. Regarding the influence of the radius, from the previous analysis
results, as long as the radius R is greater than 2000 m at 8.9 keV, the flux and resolution

requirements can be met. The residual errors are slightly larger than the requirements.
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Figure 6.3-6 The results of the Si(311) crystal at 7 keV and 10 kHz
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Figure 6.3-7 The results of the Si(311) crystal at 12.4 keV and 10 kHz

7. Summary

Based on the analysis and simulations above, the physical scheme of the FEL-I

beamline meets the design specifications regarding energy range, spot size, energy

resolution, and transmission efficiency. However, when aiming for higher beamline

performance, there are still international challenges to be addressed in areas such as the

manufacturing of optical components, cooling, precision clamping and bending, and

multi-pulse damage.

Table 7-1 Design result

Parameter Objective Nominal design result
Energy range 3.0-15.0 keV 5.0-13.0 keV 3.0-15.0 keV
Energy
resolution 2.0x10*@8.9 keV 2.0x10*@8.9 keV 5.0x10°@8.9 keV
(AE/E)
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mailto:10-4@8.9keV
mailto:10-4@8.9keV
mailto:10-4@8.9keV

Transmission 30%@7keV(no 15%@7keV(no 50%@7keV(no
efficiency monochromator) monochromator) monochromator)
2.56 um @HSS
. 10 um @HSS CRL
spot size 15 um @HSS
0.1 pm&1 pm @CDS 0.064pm&0.72 pm

@CDS
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Table 7-2 CDS instrument design result

Parameter CDS design result
1 Energy range 3~15 keV 3~15 keV
2 Energy resolution / /
3 Efficiency of beamline >50%@7keV >60%@7keV
4 Percent of harmonics <0.05% <0.01%

Spot size objective: 300 nmx100nm@7keV 120 nmx90nm@7keV*
5 i 200 nmx150nm@7keV®

(FWHM)(HxV) nominal: 600 nmx300nm@7keV 720 nm*640nm@7keV®
6 Working distance >0.2m N
7 Beam stability (RMS) / /
8 focusing / /
9 attenuator 6 orders 6 orders
Table 7-3 HSS instrument design result

Parameter HSS design result

1 Energy range 3~15 keV 3~15 keV
. Si(111): 2x10*@3~15keV Si(111): 2x10*@3~15keV

2 Energy resolution Si(g 1 1):) 5% 10'5@@5.6~15ke\7 Si(g | 1)? 5% 10-5@%@5.6~15kev
3 Efficiency of beamline >60%@7keV >70%@7keV
4 Percent of harmonics <0.01% <0.01%

Spot size

objective: (Spm~200pm )x(Sum~200pm)

(Spm~200pm )*(Spum~200pum)




(FWHM)(HxV)

nominal: 10umx10um

6 Working distance

7 Beam stability (RMS) <3um <3um®
8 focusing K-B K-B

9 attenuator 4 order 6 order

() no monochromator
@ only one direction

) calculated with 50nrad
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8. List of beamline devices

No Devices Position(m)
1 Fixed Aperture 103.1
2 shutter 1 103.8
3 gamma absorber 105.1
4 safety shutter 105.7
5 BLMI1 132.2
6 fast value 132.5
7 slitl 135.5
8 Imager1 136.2
9 GMD-V 138.8
10 HAMP-V 139.5
11 HAMP-H 140.3
12 GMD-H 141
13 Imager2 145
14 GAT 160
15 Imager3 197
16 SAT 198.3
17 CRL1 200
18 Imager4 224.7
19 BPIM1 2253

20 collimator 1 226
21 M1 230
22 Imager5 231.8
23 BLM2 2323
24 slit2 233
25 M2a 234.75
26 M2b 240
27 Imager6 243.56
28 collimator 2 244
29 Single pulse pectrometer 249~259
30 shutter 2 320.95
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31 BLM3 321.6
32 slit3 322.4
33 Imager7 323
34 DCM 332
35 slit4 3353
36 CRL2 336.5
37 Imager8 337.6
38 shutter 3 338.2
39 EM1 340.45
40 EM2 341.7
41 diamond window 344
42 PAMI(HSS) 344.5
43 BPIM2 345
44 focusing imager 346.5
45 PLM(HSS) 350.5
46 shutter 4 352.2
47 Imager9 400
48 Imager10 750
49 Imagerl1 1050
50 Imager12 1105
51 GMD/HAMP 1110
52 BLM4 1130.5
53 shutter 4 1131
54 slit 4 1141
55 M3 1144.5
56 EM3 1145.6
57 EM4 1147
58 M4 1148.1
59 shutter 5 1149.5
60 BLMS5S 1151
61 slit 5 1151.5
62 EMS5 1154.5
63 EM6 1155.6
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64 PAM2(CDS) 1156.8
65 focusing imager 1158
66 Wavefront sensor 1158
67 BPIM3(1160.1) 1164.5
68 shutter 6 1165
69 CRL3 1165.9
70 EM7 1172.8
71 EM8 1173.9
72 Wavefront sensor 1175.9
73 shutter 7 1180
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