
Chapter 5 
Coherent X-ray Scattering 

 

5.1 Introduction 

The extremely brilliant and highly coherent X-ray beams to be provided by the 3GeV Taiwan 
Photon Source (TPS) will open up the possibility for studying the dynamics in the time domain of 
microsecond, with a direct access to the dynamic response function S(Q,t), which is of central 
importance for materials science. 
 

One of the outstanding properties of the third-generation synchrotron radiation sources is their 
ability to produce coherent X-ray beams several orders of magnitude more intense than previously 
available. The access to coherent X-rays at TPS will open up the possibility of building X-ray photon 
correlation spectroscopy (XPCS) facility and using lensless imaging techniques to reveal nano-scale 
structure of non-periodic materials.  
 

The proposal of Coherent X-ray Scattering (CXS) Beamline has been initialized in 2008 and 
following supported by two review meetings of the Science Advisory Committee (SAC) at National 
Synchrotron Radiation Research Center (NSRRC). Consulting from SAC reports, the CXS Beamline 
is mainly focused on the small-Q XPCS as well as excellent Small-Angle X-ray Scattering (SAXS) 
capability. 
 

5.2 Scientific Opportunities 
Opportunities to reveal dynamic systems of material science  

XPCS measures the temporal changes in speckle patterns produced when coherent X-ray is 
scattered by a disordered system, and it provides a very good method for the study of its fluctuations 
and dynamics.  
 

A main advantage of this method is the possibility of the study of dynamics which comprises a 
multitude of collective processes, such as diffusion of colloids [1, 2, 3, 4, 5], complex Fluids, 
polymer blends, clays [6], capillary fluctuation, liquid crystal membranes [7, 8, 9], non-equilibrium 
dynamics [10, 11, 12, 13, 14], binary alloys, metal/polymer nano-composite [15, 16], and charge-, 
spin-, orbital-, ordered domains [17, 18, 19]. Progress in reconstructing X-ray speckle patterns has 
encouraged scientists to work on materials from magnetically disordered systems to magnetization 



dynamics. XPCS is progressing in both the hard and soft condensed matter domain and correlation 
times from microseconds to hundreds of seconds have been recorded. The long term success of the 
technique will crucially depend on the development and use of fast two-dimensional detectors to 
exploit the dynamics. 
 
Opportunities to reveal nano-scale structure with coherent source 
 Coherent X-ray Diffraction Imaging (CDI) experiments collect the diffraction patterns from the 
specimens when the coherent X-ray is illuminating on that. The phase retrieval algorithms [20, 21, 
22, 23, 24] are used to resolve the phase problem on these diffraction patterns and to reconstruct the 
real-space images of the specimens. 
  
 The phase retrieval algorithms for CDI experiments need the real-space support information. 
This makes the limitation for using CDI technique. Ptychopgraphy, the scanning-type CDI, uses the 
redundancy or the overlapped regions between neighboring scans for its real-space support. The 
Ptychographic Iterative Engine (PIE) and Extended PIE (ePIE) algorithm [25, 26] are developed for 
the ptychographic experiments. The 2-dimensional resolution can achieve less than 15 nm.  
 

5.3 Photon Source 
 The CXS beamline is located at the port 25 of TPS, which is an output port of a 12-meter long 
straight section. Figure 5.1 shows the beta parameters of TPS and mechanical scheme of two 
undulators IU22 at a long straight section. It houses, in the order of storage ring electron passage, a 3 
meter-long IU22 undulator, three quadruple magnets, and a 2 meter-long IU22 undulator. The three 
quadruple magnets are placed side by side straddling the center of the long straight section. The 
centers of upper-stream undulator and down-stream undulator are placed respectively 4.097 and 
3.573 meters away from the center of the long straight section. The vertical beta function has two 
minima with a value of 1.742 meters at two symmetrical positions about 3.5 meters away from the 
center of the straight section. The horizontal beta function and horizontal dispersion Dx are 10.421 
meters and 0.114 meter, respectively. The corresponding vertical size, vertical divergence, horizontal 
size and horizontal divergence of electron beams are about 5.28 microns, 3.03 microradians, 164 
microns, 13.7 microradians at the positions, respectively. 



 
Figure 5.1: Upper: vertical beta function by and horizontal beta function bx for electrons are red and 
black solid lines, respectively. The double minimums of vertical beta function by are 1.742 meters at 
two symmetrical positions about 3.5 meters away from the center of the straight section. Lower: 
situated from right to left, there are a 3 meter-long undulator, 3 quadruple magnets, and a 2 
meter-long undulator. The quadruple magnet in blue is located at the center of the long straight 



section. 
 
The photon source of CXS beamline is irradiated from two in-vacuums undulators IU22. The 

photon source will provide X-rays with an energy range from 5.56 keV to 20 keV, based on the 3rd, 
5th, 7th, 9th, or 11th harmonic of IU22. The key parameters of IU22 are listed in Table 5.1. There are 
140 and 94 magnet periods in the 3-meter-long and 2-meter-long undulators, respectively, and the 
period length is 22 mm. The maximum deflection parameter is 2.07 for a 5 mm gap setting. Although 
the minimum gap of undulator IU22 is 7 mm at the beginning operation of the TPS in 2015, its 
minimum gap is expected to approach 5 mm, eventually. However, all simulations related to this 
photon source in this report are based on a 3m-long undulator at a gap of 7 mm.  
 
Table 5.1: Key parameters of the photon source IU22s. Although the minimum gap of undulator 
IU22 is 7 mm at the beginning operation of the TPS in 2015, its minimum gap is expected to 
approach 5 mm eventually. 

  22 mm 
N  140 

  1.01 T (0.72 T) 
  2.07475 (1.479) 

  5 mm (7 mm) 
Total power 8.8 kW 
Power density  62 kW/mrad2 

 
 In an ideal case, the phases of the last magnet period of the first undulator and the first magnet 
period of the second undulator are perfectly matched, such that the two undulators function as a 
contiguous 5-meter undulator, and their brilliance will be a superlinear function of combined length 
of two undulators. Not knowing the mismatch of the aforementioned magnet periods, it’s hard for us 
to simulate the combined performance of the two undulators. Therefore we present only the 
simulation result of the 3-meter-long IU22. 
 

The wavelength of the undulator radiation, is given by 

 (5.1) 

where n is the number of the odd harmonic and theta Q is the observation angle with respect to the 
orbit. The gamma g is equal to 1957E, where E is the electron energy in GeV. Figure 5.2 shows the 
relation between K and the energy of the undulator radiation. The energy of the undulator is given by 

 (5.2) 



The source size and divergence can be determined by 

 (5.3) 

and 

 (5.4) 

where σx,z and σ′x,z are the size and divergence of the electron source respectively. The quantities σr 

and σ′r can be calculated by 

 (5.5) 

and 

  (5.6) 

where L is the total length of the undulator and equal to N × λu. Figure 5.3 shows the one-sigma sizes 
and divergences of the photon source. This photon source provides a beam sizes of 5.5 – 6.3 µm and 
a beam divergence of 7.5 – 9.2 µrad in the vertical direction and a beam size about 163.4 µm and a 
beam divergence of 15.3 – 16.3 µrad in the horizontal direction, all values being root-mean-square 
rms values.  
 

An approximation of the flux in the central cone is given by 

  (5.7) 

where  is the on-axis peak intensity of the nth harmonics and give by 

  (5.8) 

where Fn is 

  (5.9) 

where J is Bessel function. Figure 5.4 shows total flux of the photon source. The photon source 
provides total flux about 1014 – 1015 photons s-1 (0.1%B.W-1). 



The approximation of the peak brilliance is 

 (5.10) 

Figure 5.5 and 5.6 show brilliance and coherent flux of the photon source, respectively. The photon 
source provides brilliance about 1019 – 1020 photons s-1 mr-2 mm-2 (0.1%B.W-1) and coherent flux 
about 109 – 1012 photons s-1 (0.1%B.W-1). 
 

 
Figure 5.2: Relation of deflection parameter and the photon energy. The photon source will provide 
X-rays with an energy range from 5.56 keV to 20 keV, based on the 3rd, 5th, 7th, 9th, or 11th harmonic 
of IU22. 
 



 
Figure 5.3: Sizes and divergences of the photon source. This photon source provides a beam size of 
5.5 – 6.3 µm and a beam divergence of 7.5 – 9.2 µrad in the vertical direction and a beam size about 
163.4 µm and a beam divergence of 15.3 – 16.3 µrad in the horizontal direction, all values being rms 
values. The curves in each plots of divergence versus photon energy correspond to, from left to right , 
the 3rd, 5th, 7th, 9th, and 11th harmonics of the undulator radiations. 
 



 
Figure 5.4: Total flux of the 3 meter-long IU22. The photon source provides total flux about 1014 – 
1015 photons s-1 (0.1%B.W-1). 

 
Figure 5.5: Brilliance of the 3 meter-long IU22. The photon source provides a brilliance about 1019 – 
1020 photons s-1 mr-2 mm-2 (0.1%B.W-1). 



 

 
Figure 5.6: Coherent flux of the 3 meter-long IU22. The photon source provides a coherent flux 
about 109 – 1012 photons s-1 (0.1%B.W-1). 
 

5.4 Beamline Optical Design 
Consulting from SAC reports, the CXS Beamline is mainly focused on the small-Q XPCS with 

excellent SAXS capability. Following are the beamline specifications: 
l Beam sizes: ten microns 

l Energy range: 5.56 – 20 keV 

l Energy resolution: 10-4 (Si 111) 

l Coherent flux: ~ 1010 photons/sec 

l Divergence: ~ a few hundred µrad 

l High harmonic contamination:  < 1/1000 
 

The CXS beamline is located at port 25 and its available beamline length is 74 meters. The 
concept of the optical and mechanical design is to make it simple and robust for following relevant 
rules: 



l optimizing the signal-to-noise ratio by using available coherence flux with focusing optics, 

l coherence preservation of X-rays by minimizing the number of windows and optics, etc. 

and using ultimate quality of optics, e.g. 0.1 µrad slope error of mirrors, 

l optimizing the whole beamline stability with a design concept of less degrees of freedom 

and well temperature control. 
 

With the shape of the photon source approximated by a Gaussian beam profile, the rms, thus the 
FWHM, transverse (spatial) coherent lengths of X-rays at a position of 59.0 meters from the source 
are given by the van Cittert-Zernike theorem. For X-rays at 5 keV, they are about 6 µm and 200 µm 
in horizontal and vertical directions, respectively. The simulation result is shown in Figure 5.7. 
However, this result can only apply on the beamline without focusing optics. 

 
The available beamline length of CXS beamline is 74 meters. With overall consideration of the 

required coherence lengths, demagnification and divergence, an optimized configuration is the 
sample locates at 59 meters from the center of long-straight section. And the longest 
sample-to-detector distance is 12 meters. Considering the facts that the available detector has a pixel 
size of 75 µm x 75 µm, and to achieve a good signal-to-noise ratio for XPCS, the speckle size should 
match the size of a pixel, the photon size is determined to be about 10 µm x 10 µm at the sample 
position.  

 
Figure 5.8 illustrates the beamline layout for the SAXS-XPCS optical configuration. Light 

emanating from a double crystal monochromator (DCM) located at 30.5 meters is horizontally 
focused in two steps, the first by a horizontal focusing mirror HFM1 at 35.5 meters, which focues the 
beam horizontally to form a secondary source at 40.52 meters, and the second by a horizontal 
focusing mirror HFM2 at 55.89 meters, which focuses the beam horizontally to the sample position 
at 59.0 meters, resulting in a horizontal beam size of 10 µm. A horizontal slit is placed at the 
secondary source to control the horizontal beam size without affecting its divergence. 

 
The light is focused vertically in either of two modes. In mode A, it is focused by a vertical 

compound refractive lens (V-CRL) at 34.7 meters, and bent by a vertical deflecting mirror (VDM) at 
55.0 meters, to reach its vertical focus at sample position, resulting in a vertical beam size of 10 µm. 
In mode B, the V-CRL is moved off the optical path, and the light is focused by the vertical focusing 
mirror (VFM) at 55.0 meters, to reach its vertical focus at the sample position, resulting in a vertical 
beam size of 1 µm. The VDM and VFM are alternately moved to the optical path at 55.0 meters, 
depending on whether it’s mode A or mode B vertical focusing. 

 
All the distances mentioned above are in reference to the origin at the center of the long-straight 

section. 



 
 Table 5.2 lists the positions and sizes of the major beamline components. Spaces between the 
main components will be filled with vacuum bellows and pipes of suitable lengths 
 

Table 5.2: Beamline layout of the major beamline components. 

Component Position(mm) Length(mm) 
Center of Optical 

Element (mm) 
End of shield wall 25 000   
FE Slits (S1)   21 000 
DCM   30 500 
Slits (S2)   32 200 
V-CRL   34 700 
HFM1  400 35 500 
HSS Slit (S3)   40 520 
Slits (S4)   53 500 
VDM/VFM  400 55 000 
HFM2  400 55 890 
CVD Diamond Window  0.06 (thickness) 58 000 
Sample   59 000 
Hutch Wall 73 700 300  



 

Figure 5.7: Transverse (spatial) coherent lengths of the X-ray source as a function of photon energy. 
With the shape of the photon source approximated by a Gaussian beam profile, the FWHM 
transverse coherent lengths of X-rays at a position 59.0 meters from the source are given by the van 
Cittert-Zernike theorem. For X-rays at 5 keV, they are about 6 µm and 200 µm in horizontal and 
vertical directions, respectively. 
 

 
Figure 5.8: Beamline optical layout for SAXS-XPCS experiments. The major optical components, a 
DCM, a V-CRL, the HFM1, a VFM/VDM, and the HFM2, are placed at 30.5 meters, 34.7 meters, 



35.5 meters, 55.0 meters, and 55.89 meters away from the center of the long-straight section, 
respectively. 
 

5.5 Beamline Detailed Design 
Two in-vacuum undulators with a 22 mm period, IU22s, and a TPS frontend are secluded within 

a shielding wall. In order to preserve coherence of photon source, the CXS beamline will have the 
possibility of windowless operation. Right after the shielding wall, a differential pumping system is 
setup immediately for vacuum separation from the storage ring. The three dimensional drawing of 
the CXS beamline downstream of the shielding wall is shown in the Figure 5.9. Outside the shielding 
wall are two hutches (not shown) to house the beamline optics (the optical hutch) and the endstation 
(the experimental hutch). In the order of light passage, a fixed-opening aperture, a differential 
pumping system, a bremsstrahlung baffle, a set of white beam slits with water cooling, a DCM, a 
bremsstrahlung stopper, a set of slits, a V-CRL, and an HFM are placed in the optical hutch. A VFM, 
a VDM, an HFM, an exit window, a photon shutter, a set of slits, and a sample stage are housed in 
the experimental hutch. At the end of the beamline are vacuum-compatible area detectors housed in a  
12-meter long vacuum pipe to prevent the signals from being scattered and absorbed by air. 
 

 

Figure 5.9: Three dimensional drawing of the detailed design of the CXS beamline. On the right (the 
upstream end of the beamline) are situated a DCM, and a vacuum chamber (in turquoise) housing a 
V-CRL and the HFM1. One the left are a vacuum chamber (in green) housing a VFM/VDM and the 
HFM2, and a sample stage. The sample stage is mounted on a granite table. The VFM/VDM and the 
HFM2 are mounted on the same granite table, while being connected to their host chamber through 
welded bellows (not shown in the figure). The granite table in turn is supported by 
vibration-damping pedestals. At the end of the beamline is a vacuum-compatible area detector 
housed in a 12-meter long vacuum pipe to prevent the signals from being scattered and absorbed by 
air. 
 

5.5.1 Aperture 



The aperture with a fixed opening is the first component and allows the X-rays from the source 
to enter the beamline. It is made by OFHC with a 150 mm length and cooled by water. The location 
is right after the 1st gate valve of beamline near the shielding wall. The main purpose is to define the 
beam shape and avoid the unwanted heat load from the downstream components. The position is 
aligned to the on-axis position via two motorized stages in the horizontal direction and vertical 
direction. Each stage has a resolution of 1 µm and a travel range of ± 2 mm. 

 

5.5.2 White Beam Slits 
The white beam slits is not only to define the beam size and divergence at its position, but also 

to block away the scattering. A set of white beam slits consists of four blades, four motorized 
stepping motors, four encoders, four limit switches with a resolution of 1 µm, four hard stops and 
cooling blocks. The final assembly will be more compact. Moreover, it is efficient to reduce the error 
by shortening the motion range. The maximal opening of slits is up to 8 mm for both the vertical 
direction and horizontal direction to keep the precision of motion. 

 

5.5.3 Monochromator 
The DCM was designed with a minimum vibration in mind, and therefore it uses a minimum 

number of motors to drive the stages of crystals. A LN2 cooling system will be provided in such a 
manner that the slope error induced by the heat will have no significant influence over the energy 
resolution and the coherence of X-rays. For the convenience of the experiments, the height of the exit 
beam is fixed over an energy range from 5.56 to 20 keV. There are a set of two Si(111) crystals and a 
set of two Ge(111) crystals housed in the DCM. They are alternately moved to the optical path to 
serve different experimental needs. The Si(111) crystal set can provide a higher energy resolution 
than the Ge(111) crystal set, while the latter can provide a higher flux than the former.  

 
The DCM chamber is mounted on a granite block riding on a pair of horizontal rails lying 

transversely to the beam direction on top of another granite block. This allows the top granite block 
together with the DCM chamber to move transversely with respect to the X-ray beam propagation 
direction, thus setting the desired set of twin crystals to its proper position in the optical path. The 
DCM chamber is connected to its upstream and downstream beamline elements via welded bellows. 

 
The vertical beam offset between the incoming and outgoing beams is designed as 25 mm. The 

diffraction angle (θB) is determined by Bragg law. 

  (5.11) 

where d is the spacing between the planes in the lattice. d can be calculated by 



 (5.12) 

where a is lattice constant and that of Si(111) is a = 5.430 940Å. The resultant energy resolution can 
be estimated by 

   (5.13) 

where Δθdiv is the source divergence, Δθsize is the view angle of source from the monochromator and 
Ω is the Darwin width. The Darwin width of the crystal is 

 (5.14) 

The intrinsic resolution of Si(111) and Ge(111) are  

  (5.15) 

The beam footprint depends on the size and divergence of the incoming beam, the distance from the 
source to the crystal and Bragg angle. It can be estimated by 

   (5.16) 

and 

 (5.17) 

The length of the crystal should be larger than 4×Fy so that the monochromator can accept 95% 
photons at least. To keep the beam offset constant, the below equation should be satisfied. 

  (5.18) 

where X is the distance measured perpendicular to the optical surfaces of the crystals and Y is the 
distance measured along the surface of the crystals. X and Y are determined by 

  (5.19) 

and 

  (5.20) 

The beam offset should be larger than (F + L × sinθB)/2 or the beam will not be blocked by the 



crystal. 
 

Figure 5.10 shows the energy resolution of the DCM as a function of photon energy using a pair 
of Si(111) crystals, with contributions from the Darwin width, the source divergence, and the source 
size, the former two being the dominant terms. The energy resolution is 1.84x10-4 - 1.89x10-4 for  
Si(111) and is 4.2x10-4 for Ge(111).  

 
The longitudinal coherent length can be determined by equation 5.21 and is shown in Figure 

5.11. In small-angle geometry, the path length difference is still smaller than longitudinal coherent 
length with the thickness of the sample less than millimeter. 

 (5.21) 

 

 
Figure 5.10: The energy resolution of the DCM using Si (111) crystals, showing contributions from 
three sources. The Darwin width and the source divergence are the dominant terms. The energy 
resolution is 1.84x10-4 - 1.89x10-4. 
 



 
Figure 5.11: Longitudinal coherent length of X-ray with a Si (111) monochromator. The energy 
resolution of beam is about 1.86x10-4. The longitudinal coherent length determined by the energy 
resolution is about 0.05 – 0.21 µm. 
 

5.5.4 Compound refractive lens 
A compound refractive lens (CRL) made of beryllium will be used to focus the X-rays in the 

vertical direction, in one of two vertical focusing modes. It will be placed at 34.7 meters from the 
center of the long-straight section. The design principle of the CRL dictates that it can readily use to 
focus light only at discrete photon energies. For our design, it will be able to focus X-rays of 5.5 keV, 
6.0 keV, 6.5 keV, …, to 15 keV, in an increment of about 0.5 keV. It was designed to achieve a 
vertical focal size of 10 µm for these discrete photon energies. The combination of a hexapod and a 
set of linear piezoelectric actuators will be used to adjust the components of the CRL.  
 

Table 5.3: The combination of CRLs for different energies. 
Energy Number of lenses δ f p q Δp demag ratio 

kev R=300µm R=500µm R=1000µm R=1500µm   m m m m   

5.50  0 1 1 0 1.13E-05 14.790  38.5951  23.9779  0.3221  1.6096  

6.10  0 1 1 1 9.16E-06 14.885  38.1759  24.3971  -0.0971  1.5648  

6.61  1 0 1 0 7.80E-06 14.789  38.5985  23.9745  0.3255  1.6100  

7.10  1 0 1 1 6.76E-06 14.788  38.6035  23.9695  0.3305  1.6105  



7.56  1 0 1 2 5.96E-06 14.793  38.5788  23.9942  0.3058  1.6078  

8.00  1 1 1 0 5.33E-06 14.822  38.4561  24.1169  0.1831  1.5946  

8.40  1 1 1 1 4.83E-06 14.785  38.6160  23.9570  0.3430  1.6119  

9.00  2 0 0 2 4.21E-06 14.851  38.3286  24.2444  0.0556  1.5809  

9.52  2 0 1 2 3.76E-06 14.770  38.6781  23.8949  0.4051  1.6187  

10.05  3 0 0 0 3.38E-06 14.814  38.4881  24.0849  0.2151  1.5980  

10.53  3 0 1 0 3.07E-06 14.785  38.6155  23.9575  0.3425  1.6118  

11.00  3 1 0 0 2.82E-06 14.790  38.5951  23.9779  0.3221  1.6096  

11.50  3 1 1 0 2.58E-06 14.921  38.0081  24.5649  -0.2649  1.5472  

12.05  4 0 1 0 2.35E-06 14.859  38.2933  24.2797  0.0203  1.5772  

12.60  4 0 1 2 2.15E-06 14.863  38.2723  24.3007  -0.0007  1.5749  

13.10  4 1 1 1 1.99E-06 14.806  38.5234  24.0496  0.2504  1.6018  

13.60  5 0 1 1 1.84E-06 14.798  38.5612  24.0118  0.2882  1.6059  

14.00  5 1 0 1 1.74E-06 14.870  38.2439  24.3291  -0.0291  1.5719  

14.50  6 0 0 1 1.62E-06 14.922  38.0059  24.5671  -0.2671  1.5470  

14.90  6 1 0 0 1.54E-06 14.801  38.5445  24.0285  0.2715  1.6041  

 

5.5.5 Focusing mirrors and plane mirror 
Grazing Angle, Coating and Length  

The grazing angle, coating, mirror length and harmonic rejection should be considered 
simultaneously. A basic consideration is that a good transmission of the X-ray beam should be 
provided without changing the grazing angle in the full energy range from 5 keV to 20 keV. 
Increasing the grazing angle is favorable for reducing the length of the mirror and improving the 
harmonic rejection, but the reflectivity of the mirror suffers. Bare Si, Pt, Pd and Rh coatings are 

considered. The critical angles were calculated as , where δ is a real part of the refractive 

index of material. Pd is very similar to Rh, but the latter has slightly better reflectivity. Pt has a few 
absorption edges. Consequently, we have decided to divide the coating of each focusing mirror into 
two stripes, one made of a Rh/Pt bilayer and the other of bare Si, each optimized for a different 
photon energy range. Optimization based on the criteria of a higher photon flux, a greater rejection of 
high harmonic contamination, and the ease of use leads us to a grazing angle of 4.0 mrad. The 
maximum length of a mirror with a slope error less than 0.1 µrad is 400 mm due to the limitation of 
the manufacturing process and this sets the limit of the size of the mirrors we can get. 
 
Slope Error  

The coherence length can be reduced by mirror’s imperfections including aberrations, slope 
errors, roughness and surface defects. Mirror’s imperfections have differently weighted influences on 



the coherence length and their influences depend on the distribution of the spatial frequencies. 
Among those imperfections, the slope error has the most important influences on the coherence 
length. The detailed discussion of the slope error’s influences on the coherence length is beyond the 
scope of this report. Here a simplified concept will be mentioned. The slope error of the mirror is a 
manufacturing imperfection. When the slope error exists, the photons will be diverted outside the 
best focal spot and the coherent photons will be reduced. In order to maintain the coherence length, 
the slope error, Δm, must satisfy the condition listed below. 

 (5.22) 

Usually, pΣ′z ≫ Σz , so 

 (5.23) 

In the coherence volume, the photons will satisfy the condition of the diffraction limit. 

 (5.24) 

From the above equations, the condition to maintain the coherence length can be drawn as: 

 (5.25) 

It should be noted that the slope error actually is a function of the position on the mirror surface. In 
equation (5.25), the Δm is an RMS value of the slope error. That means the contrast of the diffraction 
patterns can have a local drop due to the local increase of the slope error. The slope error of focusing 
mirrors should be smaller than 0.1 µrad. The detailed specification of the mirrors is listed in Table 
5.3 5.4. 
 
Mirror Chamber and Support Mechanism  

This section pertains to the vacuum chamber chambers housing the V-CRLs, the HFM1, the 
VFM, the VDM, and the HFM2, shown in turquoise and green in Figure 5.9. The first mirror 
chamber will host the V-CRLs and the HFM1. The V-CRLs are installed in the lens holders. The 
lens assembly contains 6 lens holders and 2 pinhole holders, and it is mounted on the hexapod stage. 
There is a long linear stage below the hexapod traveling along beam direction. The detail 
specifications of the hexapod and linear stage are shown in Table 5.5. The HFM1 is mounted on 2 
in-vacuum translations to provide pitch and lateral translation. This in-vacuum assembly is mounted 
on 3 precision jacks in transition high stability mirror system. The detail specifications of HFM1 
mechanism are shown in Table 5.6. As mentioned earlier in the caption of Figure 5.9, the mirror 



chamber is mounted on the granite table, while being connected to their host chamber through 
welded bellows. The welded bellows isolate the optics from the chamber vibration. The granite table 
in turn is supported by vibration-damping pedestals. 

The second mirror chamber will host the VFM, the VDM, and HFM2. Also mentioned earlier, 
the VDM, and VFM are alternately moved to the optical path, depending on whether it’s mode A or 
mode B vertical focusing. Therefore they behave mechanically as one single rigid body. They share a 
common mounting chassis with the HFM2. For mirror optics, there are six degrees of freedom for 
the chassis, three rotational (Rx, Ry, and Rz), and three translational (Tx, Ty, and Tz). Out of these six, 
only five are required to provide the necessary movements for the mounted optics. Ty, the 
longitudinal translation along the propagation direction of the X-rays, is not required. We shall refer 
to these degrees of freedom as the “logical chassis degrees of freedom”. Physically each of these 
logical chassis degrees of freedom is affected by a combination of translational stages. Also, each of 
these logical chassis degrees of freedom corresponds to two “logical optic degrees of freedom”, one 
for the VFM/VDM rigid body, and the other for the HFM2, the correspondence of which is shown in 
Table 5.7. Listed also in this table are specifications of support mechanisms for these degrees of 
freedom. Each translational stage is equipped with an encoder with a 0.1 µm resolution. 
 

Table 5.4: Specifications of the focusing mirrors and the deflecting mirror. 

Optics HFM1 VFM VDM HFM2 

Shape Elliptical Elliptical Plane Elliptical 

Position (mm) 35500 55000 55000 55890 

p (mm) 39600 59100 
Radius of Curvature ≥ 

20 km 

15370 

q (mm) 5020 4000 3110 

Grazing angle 

(mrad) 
4.0 4.0 4.0 4.0 

Optical length 

(mm) 
200 400 400 400 

Coating bare Si (60 nm thickness) & 6 nm Rh over 25 nm Pt 



Stripe width 

(mm) 
10 10.0 10.0 10.0 

Slope Error  

(µrad 

FWRMS) 

≤0.1 ≤0.1 ≤0.1 ≤0.1 

Roughness 

(nm RMS) 
≤0.25 ≤0.25 ≤0.25 ≤0.25 

Substrate 

material 
Silicon single crystal 

Substrate 

length (mm) 
220 for HFM1 ;420 for VFM, VDM, and HFM2 

 
Table 5.5: The specification of support mechanisms for the V-CRLs. 

Motion 
Parameter Design Specification 

Chassis Optic 

Yaw V-CRL (hexapod) Range ± 1o 

Resolution < 1 µrad 

Roll V-CRL (hexapod) Range ± 1o 

Resolution < 1 µrad 

Pitch V-CRL (hexapod) Range ± 1o 

Resolution < 1 µrad 

Lateral 

Translation Tx 

V-CRL (hexapod) Range ± 5 mm  

Resolution < 0.5 µm 

Vertical 

Translation Tz 

V-CRL (hexapod) Range ± 7.5 mm 

Resolution < 0.5 µm 

Longitudinal 

Translation Ty 

V-CRL (hexapod) Range ± 5 mm 

Resolution < 0.5 µm 

Longitudinal 

Translation Ty 

V-CRL (linear stage) Range ± 425 mm 

Resolution < 1 µm 

 
Table 5.6: The specification of support mechanisms for the HFM1. 



Motion 
Parameter Design Specification 

Chassis Optic 

Rz Pitch Range ± 1o 

Resolution < 0.5 µrad 

Ry Roll Range ± 1o 

Resolution < 2 µrad 

Rx Yaw Range ± 1o 

Resolution < 0.5 µrad 

Lateral 

Translation Tx 

Lateral Translation Range ± 7.5 mm  

Resolution < 0.5 µm 

Vertical 

Translation Tz 

Vertical Translation Range ± 20 mm 

Resolution < 0.5 µm 

 
 

Table 5.4 5.7: The specification of support mechanisms for the VFM, VDM, and HFM2. 
Motion 

Parameter Design Specification 
Chassis Optic 

Rz Yaw for VFM/VDM 

Pitch for HFM2 
Range ± 1o 

Resolution < 0.5 µrad 

Ry Roll for VFM/VDM 

Roll for HFM2 
Range ± 1o 

Resolution < 2 µrad 

Rx Pitch for VFM/VDM 

Yaw for HFM2 
Range ± 1o 

Resolution < 1 µrad 

Lateral 

Translation Tx 

Lateral Translation for 

VFM/VDM 

Lateral Translation for HFM2 

Range 
± 50 mm for VFM/VDM 

± 7.5 mm for HFM2 

Resolution < 0.5 µm 

Vertical 

Translation Tz 

Vertical Translation for 

VFM/VDM 
Range 

± 7.5 mm for VFM/VDM 

± 15 mm for HFM2 



Vertical Translation for HFM2 
Resolution < 0.5 µm 

 

5.5.6 High Harmonics Rejection 
A perfect undulator emits only odd harmonics. Their wavelengths are λ, λ/3, λ/5,. . . , and so on. 

The Bragg angle of Si(111) at λ is the same that of Si(333) at λ/3, so the high energy 
contamination(λ/3) can pass through the monochromator and interfere the experiments operating at 
the desired energy(λ). In order to suppress the high energy contamination, the Bragg angle of Si(111) 
must be detuned to suppress the reflection of Si(333), but the reflection of Si(111) will decrease as a 
result. Additionally, detuning the Bragg angle cannot achieve the requirement of a high harmonics 
rejection for the XPCS and SAXS experiments. The ratio of the high harmonics rejection should be 
less than 0.1% for this beamline.  

 
As mentioned earlier, each of the four mirrors (VFM, VDM, HFM1, and HFM2) have two 

stripes of coating, the bare Si and a Rh/Pt bilayer. Below 8 keV, substantial reflection of X-rays of 
24 keV and below, originating from higher harmonics of the undulator, by the Rh/Pt bilayer becomes 
undesirable, whereas the bare Si doesn’t have the same problem, as its X-ray reflectivity declines 
above 10 keV. Therefore below 8 keV, bare Si mirror coating will be used. Above, 8 keV, the Rh/Pt 
bilayer no longer suffers from higher harmonic contamination, and at the same time, provides a 
better reflectivity, thus a better light throughput, than that of bare Si. Therefore the Rh/Pt bilayer is a 
better choice for X-rays above 8 keV. 

 
Calculations of the high harmonic contamination start with the intrinsic spectrum of the IU22 

undulator covering all harmonics, and take into account the reflectivities or transmissions of each of 
the harmonics by each of optics the light passes through, including the DCM, the mirrors, and a 200 
µm CVD diamond window. The results are shown in Figure 5.12. As can be seen from the figure, the 
0.1% criterion is achieved throughout the photon energy range even with just one mirror. For any 
mode of operation of this beamline, three mirrors will be used, thus assuring an excellent rejection of 
higher harmonics throughout the photon energy range. 
 



 
Figure 5.12: High harmonics rejection. The ratio of the high harmonics rejection should be less than 
0.1% for the CXS beamline. The high harmonics rejection is achieved principally by bare Si and 
Rh/Pt bilayer coatings. Below 8 keV, the coating of bare Si will be used, due to a lower ratio of 
higher harmonics. Above 8 keV, the Rh/Pt bilayer coating is preferred, due to its higher reflectivity. 
 

5.5.7 Expected Performance 
 Based on the optical configuration for SAXS-XPCS experiments described in the section of 
Beamline Optical Design, the expected performance of the beamline is simulated by SHADOW  
[27]. Five hundred thousand rays are created for the simulation. The DCM, the VFM, the HFMs and 
the sample are located at 30.5 meters, 55 meters, 35.5/55.89 meters and 59 meters from the photon 
source, respectively. The mirrors are assumed to have a slope error of 0.1 µrad. The final focuses in 
both the vertical and horizontal directions are 59.0 meters. With the vertical focusing configuration 
using the VFM, as shown in the Figures 5.13, 5.14 and 5.15, the beam size and divergence at the 
sample position are about 1.3 µm and 270 µrad in the vertical direction, respectively. The beam size 
and divergence at the sample position are about 10.5 µm and 510 µrad in the horizontal direction, 
respectively. The flux is about 1012 photons s-1. The vertical focusing configuration using the V-CRL 
and the VDM can perform lower divergence (30 µrad in the vertical direction), but a larger vertical 
beam size (10 µm), at the sample position. 
 



 
Figure 5.13: Spot sizes at the sample position (at 59 meters) for a SAXS-XPCS configuration with 
VFM and HFMs. The FWHM beam size is about 1.3 µm x 10.5 µm (V x H). 
 



 
Figure 5.14: Flux at the sample position (at 59 meters) for a SAXS-XPCS configuration with VFM 
and HFMs. It will use the coating of bare Si on both focusing mirrors when the photon energy is 
below 8 keV. A 200 µm CVD diamond window is taken into consideration in the calculations. 
 



 
Figure 5.15: Divergence at the sample position (at 59 meters) for a SAXS-XPCS configuration with 
VFM and HFMs. The FWHM divergence is about 260 µrad x 510 µrad (V x H). 
 

5.5.8 Summary 

l Beam sizes (H x V): 1-10 µm x 1.3 (VFM)/10 (V-CRL) µm (FWHM) 

l Energy range: 5.56 – 20 keV 

l Energy resolution: 1.86x10-4 (Si 111) 

l Total flux: > 1012 photons/sec 

l Divergence (H x V): 500 urad x 300 (VFM)/30 (V-CRL) urad (FWHM) 

l High harmonic contamination:  < 1/1000 
 

5.6 End Station 
The experimental station shown in the Figure 5.16 provides friendly sample environment and is 

fully automated with variable sample-to-detector distance from 0.5 to 12 m. To stabilize the X-ray 
position on the sample, a sample stage will be setup on a granite table with mirrors. The sample stage 
will host dedicate modules of sample environments for experiments such as SAXS, grazing incident 



SAXS (GI-SAXS) and BioSAXS. For the detection system, we plan to use detectors alternatively. 
One is the EIGER detector with readout time of 4 µs and pixel size of 75 µm. Another is a direct 
CCD detector with extreme small 13 µm pixel size. The other is the avalanche photodiode detector 
(APD) with sub-microsecond readout time. Considering the coherent flux 1010 photons s-1 and the 
scattering power of samples, we expect the time resolution of the beamline will be up to 500 us.  
 

 
Figure 5.16: Schemes of the detection system. The detector can move along the beam direction in the 
vacuum pipe with the diameter of 1.5 meters. The pressure of this vacuum system is about 10 mTorr. 
 

5.6.1 Collimating system 
In-vacuum photon shutter 

An in-vacuum photon shutter will be placed after the HFM mirror chamber in the experimental 
hutch. For this arrangement, it can protect the sample from the radiation damage and keep upstream 
optics at constant temperature. The piezoelectric shutter will be chosen for time-resolved 
experiments requiring a millisecond time resolution. 
 
Guard slit 

In the experimental hutch, the guard slit set will be placed at 58.6 meters from the center of 
long-straight section. The blades of the slits are made of GaAs single crystal mounted on tungsten 
carbide sheets with the taper angle of 20 degrees to restrain parasitic scattering from the slits. Both of 
the slit sets have translational stages in y and z direction for alignment. 
 
Attenuator system 

For SAXS configuration, the attenuator system will be mounted in between the two slit sets. 



The attenuator made of single crystal silicon sheets with different thickness should be chosen to 
attenuate the X-rays in the range of the photon energy of 5-20 keV. There are 15 levels of attenuation, 
each providing an attenuation of ca 70% of the flux of the beam.  
 

5.6.2 Sample stage and sample environments 
Sample stage 

The sample position will be at 59 meters from the center of long-straight section. The CXS 
beamline will use a sample stage of 9 axes. As shown in Figure 5.17, the top six stages are for 
sample manipulation, and the bottom three stages are for stage alignment. The sample stage is 
mounted on the same granite table used to support the VFM/VDM and the HFM2 mirrors, so that 
their relative positions will not change when they are subjected to vibrations from an extraneous 
source. The resolution for each stage should be better than micrometer. Five-phase stepping motors, 
micro-step control motion, and optical ruler are incorporated into the design to increase the 
resolution. The sphere of confusion of the roll stage should be as small as possible. The rotation 
centers of Roll, Yaw, and Pitch are co-center, and this co-center point is at 68 mm higher than top 
surface of this stage. 
 

 

 
Figure 5.17: Illustration of sample stage and its specifications. (Figure updated) 
 
Sample environments 
temperature-controlled GI-SAXS module   

As shown in the Figure 5.18, the GI-SAXS module will be designed to fit the sample stage. It 
consists of copper heating base, ceramic insulation plate and modularized adapter. A polished base 



with embedded heating rod is for temperature control and a ceramic plate is used to insulate the heat 
from the sample module. This module is dedicated for GI-SAXS experiments. It can investigate the 
in-plane and out-of-plane nanoscale structure of thin film. 
 

 
Figure 5.18: Illustration of temperature-control module for GI-SAXS experiments. 
 
Temperature-controlled transmission module for solution samples  

As shown in Figure 5.19, the temperature-controlled module consists of a sample cell and a 
temperature-controlled cell holder. The temperature of the sample can be controlled in the range of 
4-200 oC. The sample cells with the thickness of 0.8, 1.2, 2, and 3 mm are selected for optimizing the 
SAXS corresponding to the X-ray energies. The sample volume is from 10 µl to 40 µl. The sample 
solution is injected into the sample cell automatically.  

 



 
Figure 5.19: Illustration of temperature-controlled transmission module. 
 

5.6.3 Detection system 
An EIGER 16M detector is used for data collection of small-angle XPCS and SAXS 

experiments. The pixel size and readout speed of the EIGER detector are 75 µm and 9 kHz for a 4-bit 
ROI mode, respectively. The EIGER detector can be accommodated at the end of detection system. 
The longest sample-to-detector distance is 12 meters. As shown in Figure 5.20, the air absorption is 
severe for X-rays along a long optical path. Therefore, the detector will be accommodated by a 
vacuum pipe with the pressure of ~ 10 mTorr. The diameter of the pipe will be 500 mm. The entrance 
window of detection pipe system will be silicon nitride membrane or diamond window. 
 

For pumping system, three scroll pumps with the pumping speed of 1000 L/min will be used. 
The size and length of connected bellow from detecting pipe to scroll pump are NW40 and 150 cm. 
The conductance of the connected bellow is 209.6 L/min. With considering the efficiency of 
pumping speed under different pressure from 760 to 0.01 Torr, it is estimated to take 4.05 hours and 
6.27 hours for final pressure 0.1 and 0.01 Torr, respectively. 
 



 
Figure 5.20: Transmission of X-rays with a 12-meter path length under different air pressures (0.1, 
0.01, 0.001 Torrs) and He (760 Torrs). 
 

As shown in the Figure 5.16, the translation system of the detector is designed to accommodate 
the EIGER 16M. The stroke along X-ray beam (x-axis) is 11.5 m (0.5 to 12 meters from the sample). 
The stokes in y- and z-axis for the detector stage are 215 mm. The offset from center of the detector 
is designed for widening the q-range coverage of X-ray scattering. The beamstop frame of 530 mm x 
530 mm size is placed in front of the detector. A kapton film of 8-µm thickness will be used to host a 
circular beamstop for transmitted SAXS/XPCS experiments. For grazing-incident scattering 
experiments, a rectangular beamstop will be used before the kapton frame. Both beamstops are 
movable in y-axis of ± 15 mm and in z-axis of ± 15 mm, respectively. As shown in Table 5.8, the 
resolutions of translations are 10 µm in y- and z-axis and 100 µm in x-axis with linear encoder. 
 
Table 5.8: Requirement of travel ranges and accuracies for the detector stages. 

Axis x det_y det_z bs_y bs_z gibs_z 
Travel Range 

(mm) 
11500 215 215 ±15 ±15 ±30 



Accuracy  
(mm) 

±0.1 ±0.025 

Repeatability 
(mm) 

±0.05 ±0.001 

 

 

Figure 5.21: The estimated q-range as function of X-ray energy. The X-ray beam is directed to the 
center of the EIGER 16M detector. The diameter of beamstop is 4 mm. 
 

The sample-to-detector distance will be calibrated by the diffraction peaks of silver behenate. 
The q-range versus photon energy of the endstation is shown in the Figure 5.21. The q resolution 
function can be estimated by convoluting the energy spread, pixel size of dettecor, and beam 
divergence. The Figure 5.22 shows the plot of delta q versus q at photon energy of 10 keV with 
different sample-to-detector distance. 



 
Figure 5.22: The plot of delta q as function of sample-to-detector distance. The photon energy is 10 
keV, the dE/E is 10-4, the pixel size of detector is 75 µm. 
 

5.6.4 Beamline control software 
The Experimental Physics and Industrial Control System (EPICS) will be used for beamline 

control system. The Generic Data Acquisition (GDA) developed at the Diamond Light Source is 
planned for the data acquisition system. The frame size and data rate of EIGER 16M detector are 24 
MBytes and 13.2 GBytes/s, respectively. Data storage, reduction and analysis will be performed at a 
storage farm and a computer cluster. 
 

5.7 Radiation Safety 
The high energy bremsstrahlung is generated by two ways. One is radiated while a high speed 

electron hitting residual gas molecule in the synchrotron ring as called the gas bremsstrahlung. The 
other way is that the electron hits the wall of electron orbital cavity by beam loss. The 
bremsstrahlung could happen anywhere. Thus, the shielding wall with a width of 1 m thickness 



supplies the rigorous protection to minimize the radiation hazard outside the storage ring. However, 
the ports on the shielding wall for beamlines should be treated carefully to prevent any possibilities 
of escape. Prior to the design of bremsstrahlung shielding in the beamline, the certain emit point has 
to be clarified, followed by the selection of shielding material and dimension. In this beamline, the 
emit point is defined at dipole source as well as the beginning of turn section. The maximal radiate 
fan is estimated according to the intersection of cavity of electron orbital. Therefore, the dimension 
of radiate area at emit point is 68 mm and 30 mm for the horizontal direction and vertical direction, 
respectively. In order to restrain the bremsstrahlung, there are three shields for this purpose. The first 
one is a thickness of 300 mm lead as the collimator on the port of shielding wall. The second one is a 
block of lead with a thickness of 300 mm as the collimator located in beamline section and then the 
last one is a block of Tungsten with a thickness of 300 mm as the stopper behind the second one to 
terminate it finally. To prevent the electromagnetic cascade of shielding material in orthogonal 
direction with the bremsstrahlung, the criterion of shielding dimension for lead element is at least 
more than 50 mm length from the edge of radiate fan. For tungsten element, a length of 35 mm is 
required at least. The design of bremsstrahlung shielding for the CXS beamline is shown in Figure 
5.23. 



 
Figure 5.23: The design of bremsstrahlung shielding for radiation safety. Upper: top view. Lower: 
side view. 
 
 



5.8 Schedule 

The construction schedule for the CXS beamline is shown as Figure 5.24.  

 

Items            FY     2010 2011 2012 2013 2014 2015 2016 
Completion of conceptual 

design 
                            

Engineering design of 
major componets and 
enclosure 

      
 

                     

Long-lead time 
procurments of major 
componets and enclosure 

             
 

              

Procurment and installation                             

Sub-system testing and 
integrated testing 

                            

Beamline commissioning                             

Endstation commissioning                             

Official opening                             

Figure 5.24: Schedule for beamline construction. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



5.9 Commissioning Plan 

 As showed in the beamline construction schedule Figure 5.24, the beamline commissioning will 

begin at the fourth quarter of 2015. Following are specific items for beamline and endstation 

commissioning. 

l Stability of beam position and intensity right after DCM 

l Optimization of DCM cooling system 

l Energy calibration  

l Energy reproducibility  

l Stability of energy  

l Energy resolution 

l Beam size measurement and optimization at sample position 

l Stability of beam position and intensity at sample position 

l Beam divergence 

l Beam propagation pattern after sample position 

l Flux measurement 

l High harmonic ratios 

l Detector position Calibration (Q-calibration) 

l Absolute intensity calibration: water, Polyethylene, … 

l Detector uniformity  

l Optimization of temperature control system for hutches. 

 
Beamline commissioning with samples  

A double slit set will be located at sample position, and the interference pattern will be checked 
by two-dimensional detector. The transverse coherence length can be estimated from the patterns. 
 

For XPCS configuration, the spherical polymethylmethacrylate (PMMA) particles have been 
reported many times for demonstration and beamline test. The radius of PMMA particle was around 
150 nm, and its corresponding time domain was about 100 seconds. We are planning to use this 
well-known system for commission [28]. An alternative sample for fast dynamics is polystyrene 
latex in glycerol with the radius of 71 nm purchased from Duke Scientific, its corresponding time 
domain is about 1 second [3]. 
 



For SAXS configuration, the deionized water will be the standard to calibrate the absolute 
intensity. The theoretical number of scattering intensity for deionized water can be calculated by the 
formula as function of temperature. The silver behenate and chicken tendon would be employed to 
check the sample-to-detector distance.  

 

5.10 Construction Team 
Following is the construction team of the CXS Bemline and a brief description of the engineering 
and management supports of NSRRC. 
 
Beamline scientists 
Yu-Shan Huang (黃玉山), Leader of the Beamline Construction Project, Associate Researcher at 
Experimental Facilities Division (EFD), NSRRC 
Jhih-Min Lin (林智敏), designer of end station, Assistant Researcher at EFD, NSRRC 
Chun-Yu Chen (陳軍佑), designer of end station and beamline optics, Assistant Researcher at EFD, 
NSRRC 
 
Engineering support 
Hong-Yi Yan (顏宏益), Mechanical Engineer at EFD, NSRRC  
Chao-Chih Chiu (邱昭智) , Mechanical Engineer at EFD, NSRRC  
Chin-Yen Liu (劉金炎), Electrical Engineer at EFD, NSRRC  
Jwei-Ming Juang (莊瑞明), Mechanical Engineer at EFD, NSRRC  
Chia-Feng Chang (張家峰), Electrical Engineer at EFD, NSRRC  
Chien-Hung Chang (張劍虹), Mechanical Engineer at EFD, NSRRC 
 
Management support 
Shih-Chun Chung (鍾世俊), Head of EFD, NSRRC 
Mau-Tsu Tang (湯茂竹), Deputy Head of EFD, NSRRC 
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