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Conceptual Design Report for the High-Throughput Biological 
Crystallography Beamlines at the SRRC 

 

1. Introduction 

Prediction and knowledge of protein functions directly from the corresponding 

primary gene sequences is one of the most important tasks and ultimate goals of the 

genomics study [1,2].  The high throughput protein structure determination becomes 

a necessary requirement in the genomics study.  Moreover, synchrotron radiation 

protein crystallography is becoming an increasingly important tool in the development 

of new therapeutic agents in a broad range of diseases and structure-based drug 

designs [3-5].  Therefore, a high throughput structural biological crystallography 

beamline is highly demanded in structural-functional genomics research.  A national 

genomics project has been recently launched in Taiwan [6], whose core facilities 

include two protein high-throughput biological crystallography beamlines located at 

the Synchrotron Radiation Research Center (SRRC). 

In order to deliver the required performance of the biological crystallography 

beamline, SRRC has planned to install a specially designed superconducting 

multipole wiggler (SMPW) [7] insertion device into the Taiwan Light Source (TLS) 

storage ring to provide high intensity x-ray beams at photon energy up to 20 keV.  

The specially designed SMPW, which consists of 28-poles with magnetic field 

strength of 3.2 Tesla, will increase the photon characteristic energy of the storage ring 

from 2.14 keV to 4.8 keV and provide photon flux greater than 1×1013 

photons/(sec.mrad.0.1%BW.200mA) in the energy range from 5 keV to 20 keV.  In 

order to fully utilize the new SMPW source, we plan to construct three biological 

crystallography beamlines, BL13A, BL13B, and BL13C.  Beamlines BL13A and 

BL13C are nearly identical and will deliver photon beams at energy of 13 keV for 
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standard monochromatic crystallography such as crystal screening, drug design, and 

high-resolution structure study.  The central beamline BL13B will cover photon 

energies from 6.5 keV to 19 keV for performing multi-wavelength anomalous 

diffraction (MAD), single-wavelength anomalous diffraction (SAD) and other related 

experiments.  Beamlines BL13B and BL13C will be constructed in phase one and 

BL13A in phase two.  This report will describe in detail the optical design concept, 

the beamline layout, and the expected performances of these beamlines. 

 

2. Photon Source 

The TLS is a 1.5 GeV third-generation storage ring equipped with six straight 

sections available for insertion devices. The photon characteristic energy of the 

bending magnet light source of the TLS storage ring is 2.14 keV, and the energy 

spectrum decreases rapidly at energies higher than 8 keV and hence is not suitable for 

high-energy x-ray experiments. Therefore, SRRC has planned to install a specially 

designed SMPW insertion device into the TLS storage ring to increase the photon 

characteristic energy from 2.14 keV to 4.8 keV and hence provide high intensity x-ray 

beams at photon energies of up to 20 keV.   

The SMPW insertion device, which consists of 28 magnetic poles with a period 

of 6 cm and magnetic field strength of up to 3.2 Tesla, has been specially designed to 

fit into the remaining space of the straight section occupied by the RF cavity in the 

TLS storage ring.  The design parameters of the SMPW are illustrated in Table 1.  

The total available horizontal radiation fan from the SMPW insertion device is ±6 

mrad.  The total power radiated from this SMPW is 6.4 kW when the stored ring 

current is 500 mA, the maximum ring current after the installation of the 

Superconducting RF cavity at TLS in 2003.  The radiated power densities per unit 

area and per unit length calculated at 20 m from the source are shown in Fig. 1. The 
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radiated power from the central 2 mrad in the horizontal direction will be 1300 W at 

stored current of 500 mA when the new RF cavity is installed in 2003. This radiation 

power will be used throughout the following beamline design.  The photon flux and 

brightness generated from the SMPW source are shown in Fig. 2. The photon flux 

generated from the SMPW is greater than 1×1013 photons/(sec.mrad.0.1%BW) at 20 

keV.  The vertical divergence of the photon beam from the SMPW source varies 

from 0.35 mrad to 0.22 mrad (FWHM) for photon energies from 6 keV to 20 keV, as 

shown in Fig. 3.  

 

3. Beamline Performance Requirement  

 The beamline performance requirement is determined by the experiments to be 

performed at the beamline. There are two types of beamline proposed: BL13B DCM 

beamline for MAD related experiments and BL13C Fixed-Energy beamline for 

standard monochromatic crystallography study.   The diffraction power from the 

crystals of biological material studied is very weak, mainly because of the large unit 

cell, small crystal volume, less-ordered lattice packing, and high water content. 

Moreover, the differences in the intensities of Friedel-pairs, which are used to 

determine the anomalous scattering contributions, from the MAD and multiple 

isomorphous replacement (MIR) experiments are usually very small.  Therefore, 

high intensity, high brightness, and energy tunability of the photon beams are required 

for MAD or MIR experiments.  The beamline performance requirements of these 

proposed protein crystallography beamlines are stated below: 

 

3.1.  BL13B DCM Beamline: 

A: Energy range: 6.5 - 19 keV. 

B: Energy resolution (ΔE/E): ≦2.5×10-4 with a flat Si(111) double crystal 
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monochromator (DCM). 

C: Photon flux: >1011 photons/sec at sample (through two 0.1 mm diameter 

pinholes placed before the sample). 

D: Intensity instability: <0.5%. 

E: Beam divergence at sample: < 3 mrad. 

  

3.2.  BL13A and BL13C Fixed-Energy beamline: 

A: Energy: 13 keV (fixed). 

B: Energy resolution (ΔE/E): ≦1.5×10-3 with an asymmetric-cut curved Si(111) 

crystal monochromator. 

C: Photon flux: >5x1010 photons/sec at sample (through two 0.1 mm diameter 

pinholes placed before the sample). 

D: Intensity instability: <0.5%. 

E: Beam divergence at sample: < 5 mrad. 

 

4.  Possible Beamline Configurations 

The various beamline configurations commonly used for X-ray beamline design 

are: 

4.1.  DCM and Toroidal Focusing Mirror [8] 

This type of beamline consists of one plane DCM and one toroidal focusing 

mirror located at where one-to-one focusing is achieved.  This is a simple beamline 

design, however the energy resolution is limited by the divergence of the collected 

photon beam. 

 

4.2.  Gradient DCM and Toroidal Focusing Mirror [9-11] 

This type of beamline consists of one gradient DCM and one toroidal focusing 
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mirror located at where one-to-one focusing is achieved.  This design can improve 

the energy resolution problem inherited in the 4.1 design, but the fabrication of a good 

gradient crystal monochromator is very difficult. 

 

4.3.  DCM with Toroidal Collimating and Focusing Mirrors 

This type of beamline consists of one toroidal collimating mirror, one plane 

DCM, and one toroidal focusing mirror. The major disadvantage of this type of design 

is that the alignment of the optical axes of the two toroidal mirrors is very difficult. 

 

4.4.  Collimating Mirror, Sagittal Focusing DCM, and Focusing Mirror [12-14] 

This type of beamline consists of one vertical collimating mirror, one sagittal 

focusing DCM, and one cylindrical vertical focusing mirror. This type of design can 

deliver higher photon flux to the sample, however it is difficult to maintain the size 

and position of the beam image at the sample when the energy is scanned, since it is 

not easy to obtain a good and tunable sagittal focusing mechanism. Therefore, it is not 

suitable to use this type of beamline for experiments requiring multiple energies such 

as MAD measurements. 

 

4.5.  Collimating Mirror, DCM, and Toroidal Focusing Mirror [15-24] 

This type of beamline consists of one vertical collimating mirror, one plane 

DCM, and one toroidal focusing mirror.  This type of design, which can effectively 

provide energy scan as well as the stability of the beam size and beam position, 

currently is the most widely used design for experiments requiring multi-energies, 

such as XAS and MAD measurements. Therefore, it is adopted for the BL13B DCM 

beamline in this report. 
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4.6.  Diamond Crystal Monochromator and Focusing Mirror [25-28] 

This type of beamline usually consists of one diamond crystal and a focusing 

mirror, which can also be built as a branched beamline to the main beamline for 

creating extra beam time for more experiments.  The diamond crystal is mostly 

transparent while partially diffracts the x-ray beams and hence is employed to create a 

branched beamline.  A big and good quality diamond is not easily obtainable, 

therefore this type of design is normally used for small beam size application such as 

the undulator beamline.  In this design, photon beam is deflected sideways and hence 

the branched beamline can be added within a tight space, however it is difficult to use 

this design for applications requiring energy scan. 

 

4.7.  Curved Single Crystal Monochromator and Focusing Mirror [29-31] 

This type of beamline usually consists of one curved single crystal (Si or Ge), 

serving as both a monochromator and a horizontal focusing mirror, and one vertical 

focusing mirror.  In this design, the photon beam is also deflected sideways and 

hence the branched beamline can be added within a tight space. However it is also 

difficult to use this type of beamline for applications requiring energy scan.  An 

appropriately sized good crystal is normally required, because the beam cross-section 

at monochromator is large. This design with a curved Si(111) crystal is adopted for 

both the BL13A and BL13C Fixed-Energy beamlines in this report. 

 

5. Rationale for Beamline Optical Components  

5.1.  Double Crystal Monochromator [32-35] 

There are two types of crystal arrangements for DCM. One is called parallel or 

non-dispersive (┼,─) and the other called anti-parallel or dispersive (┼, ┼) 
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arrangement, as shown in Fig. 4(a). The Du Mond diagram (i.e., the relationship 

between the wavelength reflected, θB, and the Bragg angle of the monochromator) 

for the double reflected beam in each case is given in Fig. 4(b). The doubly reflected 

beam is described by the intersection area of the λ-θ curves for each crystal. In the 

case of (┼,─) and for identical crystals, the two curves are coincident and Δθ

(divergence of the source) still defines the reflected Δλ. In the case of (┼, ┼) 

mode, the reflecting region is defined by the perfect crystal rocking width alone and is 

independent of Δθ; the (┼, ┼) mode is referred to as the high resolution mode. 

For the purpose of wide spectrum scan and maintaining the sample position during the 

energy scan, we choose the (┼,─) mode double crystal arrangement. The energy 

resolution of the (┼,─) mode can still be optimized if the source size is small, the 

beam divergence is decreased, and the monochromator entrance slit is used to limit 

the source divergence.  

The energy resolution of DCM are determined by the rocking width (Darwin 

width) of the crystal used, the angular size of the source subtended at the 

monochromator, and the angular size of the entrance slit of the monochromator 

subtended at the source. The contribution of source vertical divergence and source 

size to the range of the energies reflected by a (┼,─) double crystal monochromator 

is illustrated in Fig. 5. The Bragg’s law predicts the angle of reflection of any 

diffracted ray from specific atomic planes, viz., 

 

nλ = 2d sinθB             (1) 

 

where d is the interplanar spacing of that set of planes, λ is the wavelength of the 
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X-ray, θB is the diffraction angle (Bragg angle), and n is an integer. The energy 

resolution for the crystal is then given by [35] 

 

(2) 

 

where (Δθ)source size = v/r1 and (Δθ)slit = s1/r1 , v is the vertical size of the photon 

source, r1 is the distance between the crystal and photon source, s1 is the entrance 

slit opening (or vertical acceptance distance) of the crystal, and r1 is the distance 

between the slit and photon source. 

The energy resolution for the crystal rocking width is given by [35] 

 

 (3) 

 

where e2/mc2 is the classical radius of the electron, V0 is the unit cell volume, e is the 

permittivity of free space and |F(h)| is the structure factor amplitude. From equation (3) 

we see that is approximately constant, though F(h) does vary slowly with

λin the presence of absorption edges. The  for Si(111), Si(311) and Ge(111) 

are about 1.3×10-4, 4×10-5, and 3.2×10-4, respectively. 
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5.2.  Curved Crystal Monochromator 

A curved crystal monochromator is often used in hard x-ray beamlines because 

of its good energy resolution characteristics and focusing properties, especially for a 

side-branched beamline where there is space constraint. There are two kinds of curved 

crystals used for reflection type monochromator, Johann geometry [29] and Johansson 

geometry [30].  In the Johann geometry, the flat crystal is bent to a curved surface of 

radius R.  The focusing plane is nearly on the circle of radius R/2, however the 

spherical aberration and the continuous change between the incident ray and the 

Bragg planes limit the performance.  To solve both the spatial focusing and Bragg 

condition problems, Johansson proposed a ground-bent crystal [30], in which the 

crystal is first grounded to a radius of R and then bent to a curved surface with a 

radius of R/2. 

To improve the energy resolution and focusing properties, the asymmetrically cut 

crystal in which the Bragg planes make an angleα to the crystal surface was 

proposed for use in curved crystal monochromator on synchrotron radiation beamline 

[31].  Detailed discussion of optic properties of the asymmetrically cut crystals can 

be found in Ref. [31]. The focusing of the curved asymmetrically cut crystal in the 

tangential direction is given as 

 

(4) 

 

where and θB  is the Bragg angle. r1 is the distance 

from source to crystal, r2 is the distance from crystal to image, and R is the tangential 

radius for focusing.   
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The effect of tangential focusing on the energy bandpass is shown in the 

derivative of Bragg’s law ΔE/E = ΔθcotanθB. The dispersion in Bragg angle 

includes three contributions: the source size Δs in the diffraction plane (source size), 

the natural acceptance of the crystal because of its rocking curve (crystal), and the part 

of the natural divergence of synchrotron radiation Δθsource size accepted by the 

crystal (slit). The last one is dependent on the radius of curvature, and is responsible 

for the change in resolution in a tangentially bent crystal. For Gaussian shaped beam 

spectrum, the total energy bandpass is given as 

 

 (5) 

      (6) 

      (7) 

   (8) 

The last term is zero at the Rowland condition, which is dependent on energy in 

the asymmetrical case.  If the magnification factor m (= r2/r1) is known and let 

equal zero, one can solve α from      For the case of fixed energy 

application, both the focusing properties and energy resolution are simultaneously 

optimized. 
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5.3.  Collimating Mirror 

In order to optimize the energy resolution and also the photon flux collected, a 

collimating mirror is normally used in front of the DCM to provide parallel incident 

photon beams for the crystals. In such a case, the energy resolution equation (2) 

becomes  

 

 (9) 

 

Assuming the collimating mirror used is in tangential cylindrical shape, then the 

tangential focusing formula of the mirror is given by [36] 

 

      

 (10) 

 

where r1 is the incident arm length, r2 is the exit arm length, R is the radius of the 

mirror in the tangential direction, and θ is the incident angle of mirror.  If r2 equals 

infinite, then we can obtain parallel exit beams after the collimating mirror. 

 

5.4.  Focusing Mirror 

A toroidal mirror is normally used as the focusing mirror in the DCM x-ray 

beamline for the following reasons: (1) the toroidal mirror can effectively focus the 

photon beams in both horizontal and vertical directions, (2) the sagittal focusing 

crystal of the DCM doesn't normally work well for energy scan, and (3) the toroidal 
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mirror is cheaper to manufacture compared with any other asymmetric mirrors which 

can focus photon beams in both directions.  For the toroidal mirror, the focusing 

formula in the tangential direction is the same as equation (10), however, in the 

sagittal direction is given by [36] 

 

     (11) 

 

where ρ is the sagittal radius of the mirror.   

It has been found that for an x-ray beamline with a layout of CM, DCM, and FM, 

the best focus image at the sample position is formed, depending on the beam 

characteristics, with sagittal magnification ratio m (r2/r1) either of 1/2 when the photon 

beam is from a medium energy storage ring such as that of TLS [24] or ALS [19], or 

around 1/3 when the beam is from a high energy storage ring such as that of ESRF 

[38]. 

A multilayer mirror [38] is often used in the x-ray beamline to increase the 

collected flux, since the grazing incident angle of the multilayer mirror’s reflection 

peak is usually greater than total reflection angle of the coated-mirror.  As will be 

described in the following section, the grazing angle of the second reflection peak of a 

multilayer mirror consisting of 100 layers of Mo(20 Å )/Si(38 Å ) at 13 keV is 15 mrad, 

about 3 times the maximum total reflection grazing angle of a Rh-coated mirror at the 

same energy, with 90% of the reflectivity of the coated mirror.  The band pass 

characteristics and reflectivity could be optimized by proper choices of layer material 

and layer thickness.  Normally for a multilayer with constant layer thickness, 

following Bragg reflection, the energy bandwidth is on the order of 10-2 to 10-1, which 
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could be fine-tuned by incidence angle. Using graded multilayer with gradual change 

of layer thickness along the depth of layer stack, the energy bandwidth and incidence 

angle could be further optimized.  In addition, multilayer has the advantage of 

adapting to a wider range of curved surfaces, thus enabling their use as focusing 

elements for x-ray microprobes. 

 

6. Beamline Design and Expected Performance 

Three beamlines have been designed to share the total available 12mrad 

horizontal radiation fan from the SMPW, as shown in Fig. 6.  After the front-end 

section located inside the radiation-shielding wall, the photon beam will be divided by 

a water-cooled aperture into three individual beams. Because of the constraints of 

tight space between the adjacent beamlines and the large effective horizontal source 

size viewed at the side beamline, the side beamline uses a single curved crystal 

monochromator and is located as close to the center of BL13B DCM beamline (the 

center of the whole radiation fan) as possible to reduce the effective horizontal source 

size.  Each of the BL13A and BL13C fixed-energy beamline will be located at 4 

mrad from the center, collects 1 mrad of the radiation fan and delivers photon beam at 

energy 13 keV.  The BL13B DCM beamline will take the most central 2 mrad beam 

and deliver photon energies from 6.5 to 19 keV for MAD/SAD experiments.  The 

DCM(B) of BL13B is located at where the beam of BL13C can pass by and also the 

BL13A beam can be reflected sideway, as shown in Fig. 6. The optical arrangements 

of beamlines BL13B and BL13C are described below. 

 

6.1.  BL13B DCM Beamline  

6.1.1.  Beamline Design and Layout: 

BL13B DCM Beamline is a standard x-ray beamline design consisting of one 
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collimating mirror CM(B), one DCM(B), and one focusing mirror FM(B). The optical 

layout of BL13B DCM beamline is shown in Figures 6 and 7. After the front-end 

section, the water-cooled aperture, and a 600 µm thick Be-filter, the central beam for 

the BL13B is collimated by the collimating mirror CM(B) located at 11.0 m, and then 

pass through a 250 µm thick Be-window before reaching DCM(B) located at 15.2 m.  

After DCM(B), the dispersed beam will be focused by the focusing mirror FM(B) 

located at 17.5 m, and then pass through the end Be-window and a 0.1 mm pinhole 

before reaching the sample.  The Be-filter is used to remove the low energy photons 

and lower down the radiated power.  The Be-window is used mainly to separate the 

UHV section from the low vacuum section.  The location of the focusing mirror 

FM(B) is chosen with the condition such that its sagittal magnification ratio m (r2/r1) 

is close to 1/2 in order to have the best focused image [24,19].  With the sample 

position fixed at 27 m and varying the location of the focusing mirror, the horizontal 

and vertical image sizes as well as the total flux throughput at the sample position are 

shown in Fig. 8.  The beam size and beam divergence at the sample position for 

photon energy at 12.65 keV are shown in Fig. 9.  When two 0.1 mm pinholes are 

located before the sample to limit the beam size, the best photon flux is obtained when 

FM(B) is between 17.5 m and 18 m, as shown in Fig. 10.  Thus the best location for 

FM(B) is located between 17.5 m and 18 m, which is very close to 1/2 magnification 

ratio. In order to allow enough space for the BL13C beamline to go across, as shown 

in Fig. 6, FM(B) is chosen to be at 17.5 m. 

The design parameters of FM(B) and Si(111) crystal used for DCM(B) are 

illustrated in Tables 2 and 3, respectively.  The cutoff angle of the Rh coating at 

photon energy 19.3 keV is 3.5 mrad, as shown in Fig. 11, therefore we choose a 

glancing incident angle of 3.5 mrad for both the Rh coated CM(B) and FM(B) to 

remove the 3rd harmonic photons of DCM at energy 6.5 keV and higher.  The 
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reflectivity of Rh coating [39] at glancing incident angle of 3.5 mrad is mostly greater 

than 90% in the photon energies from 6 keV to 18.5 keV, as shown in Fig. 12. 

 

6.1.2.  Heat Load Management: 

 The maximum thermal loading of each optical element of the BL13B DCM 

beamline with 2 mrad × 0.2 mrad of radiation collected and 500 mA stored ring 

current is shown in Table 4.  Since the thermal power absorbed by CM(B) is about 

71 W and the illuminated area is quite large, a water side-cooled method is adequate.  

The thermal analysis results of the water side-cooled CM(B) are shown in Fig. 13 (a) 

and (b).  One half of the mirror with the copper water-cooling system is used for the 

analysis. The maximum temperature difference on the mirror surface is less than 0.5

℃, as shown in Fig. 13(a), and the maximum slope deviation (compared to the 

original surface) along the centerline on the surface is about 1 arc sec, as shown in Fig. 

13(b).  The water side-cooled mechanism is adequate for CM(B), since the influence 

of the mirror performance caused by the thermal loading is negligible even when the 

storage ring current is 500 mA. 

The maximum thermal loading of the first crystal of DCM(B) is about 360 W 

when the stored ring current is 500 mA, therefore a specially designed cooling system 

should be used to maintain the required performance of the monochromator.  Results 

of the thermal analysis of several possible cooling methods show that the water 

cooling mechanism is difficult to maintain good performance of the 1st crystal, since 

the crystal is scanned with energy and the area exposed to the photon beam is changed 

accordingly, as shown in Figs. 14 and 15.  Only one quarter of the crystal with the 

copper water-cooling system is used for the analysis because that the cooling system 

is 4-fold symmetric and the whole system is too big to simulate with the current 

analysis program in use.  As shown in Fig. 15, a simple water-cooling method can 
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only limit the slope deviation of the crystal caused by thermal effect to below 100μ

rad, which is much larger than the Darwin width (~ 20 µrad) of Si(111) in the energy 

range from 6 to 19 keV, as shown in Table 3.  By applying the energy resolution 

equation (9), one can find the slope deviation caused by thermal loading, which 

broadens the beam divergence by twice amount the slope deviation, will degrade the 

average energy resolution at 13 keV from 2×10-4 to 1.3×10-3 and decrease the flux 

throughput by more than 50%, hence is not acceptable to the designated application. 

A specially designed cooling system with the cooling rate distribution matching 

the distribution of the absorbed power can be used to improve the crystal performance 

[40-43], as shown in Fig. 16 (a) and (b).  As shown in Fig. 16 (a), there are 5 equally 

sized cooling channels built inside the Si(111) substrate below the top surface, and the 

coolant flow rate in each channel is adjusted accordingly to the distribution of the 

power deposited on the top surface. The total power absorbed and the crystal position 

are the same as those shown in Fig. 14. The resulting temperature distribution is 

nearly constant within the beam footprint, as shown in Fig. 16 (a), however the slope 

deviation (compared to the original surface) on the crystal is still as high as >50 µrad, 

as shown in Fig. 16 (b).  A more complicated cooling mechanism can be designed 

for better performance as described below.  The slope deviation caused by thermal 

loading is mostly due to bending (bowing) of the crystal caused by the temperature 

gradient existed inside substrate. A heated substrate will usually be bent (or curved) if 

temperature gradient exists inside, e.g. top layer hotter than bottom layer, since the 

balance of the structure stress will tend to bend the substrate towards the hotter side.  

The bending effect can be greatly reduced by an opposite resisting force formed either 

by making the bottom (colder) surface stationary, heating the bottom surface, or 

increasing the substrate thickness below the cooling level [44].  The thermal analysis 

results shown in Fig. 17 (a) and (b) are obtained from a system similar to that shown 
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in Fig. 16, except that there is an extra substrate material of 20 mm thick below the 

cooling level.  The thick material at the bottom will create a resisting force against 

the bending force created by the temperature gradient. As shown in Fig. 17 (b), the 

maximum slope deviation is substantially reduced down to 20 µrad, <50% of that 

shown in Fig. 16.  Therefore, a system of thick crystal with built-in cooling channels 

located close to the top surface, as shown in Fig. 17, is an effective design to lower 

down the thermal effect. In addition, the cooling pattern of the proposed mechanism 

can be adjusted by controlling the flow rate of each cooling channel. An inclined 

geometry can be applied to the design shown in Fig. 17 to further lower down the 

power density, and hence improve the crystal performance, e.g. the slope deviation 

will be reduced to <10 µrad if the beam footprint on the crystal is increased by a 

factor of 3.    

If there is a heating power deposited to the bottom surface with the same pattern 

as that of the absorbed power on the top surface, the bending force will be cancelled, 

as shown in Fig. 18 (a) and (b).  The system shown in Fig. 18 has the same absorbed 

power and cooling pattern as that shown in Fig. 16, except that there is one heating 

pattern on the bottom surface identical to the thermal load on the top. The temperature 

distribution within the illuminated area is constant and the maximum slope deviation 

is <4 µrad, which could be even further reduced by a better cooling pattern, to less 

than 10% of that without the bottom heating.  This monochromator will be used to 

scan photon energies from 6 keV to 19 keV, and hence the distribution of the absorbed 

power is changed as the monochromator scanned.  To design a cooling or heating 

pattern adjustable to the change of the absorbed power distribution caused by the 

energy scan is possible but not practical. 

Considering a simple fixed cooling pattern and a thick crystal as shown in Fig. 

17 with an inclined geometry arrangement, the slope deviation of 10 µrad will 



 21

degrade the energy resolution at 13 keV from 2.0×10-4 to 2.4×10-4 and decrease the 

flux throughput by about 20 %.  An energy resolution of 2.4×10-4 is adequate for the 

designated application, however the decrease in flux needs to be concerned. 

The thermal analysis results of the liquid nitrogen cooled crystal are shown in 

Fig. 19 (a) and (b).  The total power absorbed is 360 W and the crystal is scanned to 

photon energy 6 keV.  Although the maximum temperature difference on the crystal 

within the illuminated area is about 5 K, the maximum slope deviation is only 3 µrad 

since the thermal expansion coefficient of the Si crystal is either below or close to 

zero in the temperature range from 0 to 125 K [45,46].  The liquid nitrogen-cooling 

method is widely used for a high heat load and high performance optics such as the 1st 

crystal of DCM(B) in the current application [40-43].  The lattice distance of the 

liquid nitrogen cooled crystal will be slightly reduced and may cause energy shift if 

the temperatures of both crystals differs substantially.  In addition, the liquid 

nitrogen cooling mechanism is much more expensive to build and maintain than the 

water-cooling mechanism.  

A direct water-cooling method with an inclined geometry arrangement can keep 

the overall energy resolution below 2.5×10-4, which is adequate for the designated 

application. However, we will choose the liquid nitrogen cooling method mainly 

because of the optimum flux collected. 

 

6.1.3.  Expected Performance: 

The simulated beam size and beam divergence at the sample position, with the 

help of the Shadow ray-tracing program [47,48], at energies 6.5 keV, 12.65 keV and 

19 keV, are shown in Fig. 20.  The focused beam size is smaller than 0.5 mm × 0.35 

mm (FWHM, H×V) and the beam divergence is smaller than 2.5 mrad × 0.30 mrad 

(FWHM, H×V).  Using the source intensity, the transmissions of the Be-filter and 
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Be-window, the mirror size, and the reflectivity, the calculated photon flux of BL13B 

DCM Beamline is shown in Fig. 21.  The diffraction efficiency of the crystals used 

in DCM(B) is better than 90%, hence it can be neglected in the flux calculation. The 

estimated average photon flux at the sample position is about 1.5×1012 

photons/(sec.200mA), and the expected photon flux after two 100 µm pinholes 

located before the sample is about 1×1011 photons/(sec.200mA).  All these expected 

results meet well with the user’s requirements. 

The calculated energy resolution of BL13B DCM beamline is shown in Fig. 22. 

The energy resolution contributed by the Darwin widths of Si(111) and by the vertical 

source size divergence subtended by DCM(B) are also shown in Fig. 22.  The 

vertical source size divergence subtended by DCM(B) is about 18 µrad, which is 

comparable to that of the Darwin width and coupled into the resolution calculation.  

The energy resolution (ΔE/E) of Si(111) is nearly constant, between 1.34×10-4 and 

1.31×10-4, in photon energy range from 6.5 keV to 19 keV.  Taking into account both 

the source divergence and the Darwin width, the simulated energy resolution without 

the thermal loading effect varies from 1.5×10-4 to 2.5×10-4 in the photon energy range 

from 6.5 keV to 19 keV.  The thermal loading will affect the energy resolution as 

discussed above.  With the liquid nitrogen cooling method chosen, the energy 

resolution is maintained and the flux throughput is also optimized. 

 

6.2.  BL13C Fixed-Energy Beamline  

6.2.1.  Beamline Design and Layout 

The side beamline of any insertion device source views the extended source 

sideways and hence sees a much larger source size in the horizontal direction than the 

central beamline. The further away the side beamline from the synchrotron radiation 

centerline, the bigger the effective horizontal source viewed. Therefore, the side 
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beamline is normally located as close to the central beamline as possible to reduce the 

horizontal effective source size.  Because of the constraints of tight space between 

the adjacent beamlines, the centerlines of beamlines BL13A and BL13C are each 

located at 4 mrad away from the centerline of BL13B and collects 1 mrad of the 

radiation. Both beamlines BL13A and BL13C are designed to deliver photon beams at 

13 keV for crystal screening and other related experiments. 

Two types of optical layouts are proposed for the BL13C fixed energy beamline, 

as shown in Figs. 23 and 24.  In Fig. 22, the selected photon beam passes through a 

600 µm thick Be-filter at 9.5 m, a 250 µm thick Be-window at 12 m, and one set of Be 

filters with various thickness at 18 m, and then intercepted by the asymmetric-cut 

curved crystal monochromator (ACCM) located at 19 m.  The Be-window is used to 

separate the upstream UHV section from the downstream HV section.  The Be-filter 

located before ACCM can be inserted to remove some low-energy photons and 

therefore lower down the thermal power deposited on the ACCM.  The ACCM is 

served as both a fixed-energy monochromator and a horizontal focusing element.  

After ACCM, the photon beam will be dispersed and deflected sideway by 17.5o and 

horizontally focused onto the sample at 22.6 m.  Before reaching the sample, the 

dispersed beam will be vertically focused by a vertical focusing mirror FM(C) located 

at 20.4 m. 

The second choice of the optical layout is shown in Fig. 24, which is similar to 

that shown in Fig. 23 except that there is one flat Si/Mo multilayer mirror (MM) 

located at 11 m and one Be-filter set located just before the flat multilayer mirror.  

The selected photon beam will pass through a 600 µm thick Be-filter at 9.5 m, a 

Be-filter set at 10 m before reaching the flat MM.  After MM, the photon beam will 

then pass through a 250 µm thick Be-window at 12 m and be intercepted by the 

ACCM located at 19 m.  The flat MM is used to select a narrow band spectrum at 
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photon energy 13 keV and hence substantially cuts down the thermal power deposited 

on ACCM.  The Be-filter set located at 10 m is used to lower down the thermal 

power deposited onto the flat MM. 

We have modified the current SHADOW program to have a correct source size 

viewed at the side beamline for ray tracing [49]. The effective horizontal source size 

viewed at BL13A or BL13C is about 3.5 mm, as shown in Fig. 25, hence a high 

focusing ratio of about 5 is used to effectively bring down the horizontal image size.  

Since the magnification ratio of the curved crystal is < 1, an asymmetric-cut curved 

crystal is employed to maintain the Bragg angle condition and good focusing property, 

and hence optimize the overall performance [30,31].  A Johansson type 

asymmetric-cut crystal will be used to have a good focused image while maintain 

good resolution [30].  Using equation (4),  θB=8.748°(for 13 

keV), and m=1/5, the asymmetric-cut crystal Si(111) with angle α=5.85°will be 

first grounded to a radius of 75 m in tangential direction and then bent to 37.5 m for 

the horizontal focusing. 

The FM(C) can be either Rh-coated Si mirror or Si/Mo multilayer mirror. The 

multilayer mirror is used to increase the vertical acceptance angle of the photon beam 

and hence increase the collected flux [50]. The glancing incident angle of the second 

maximum reflection peak of the 100-layer Si(38Å )/Mo(20Å ) MM at photon energy 

13 keV is about 15 mrad, as shown in Fig. 26.  The reflectivity at the peak of the 

multilayer mirror with 15 mrad glancing incident angle is about 80%, which is about 

90% of that of the Rh-coated mirror with 4.5 mrad glancing incident angle.  

Therefore, the photon flux collected by the multilayer mirror will be 3 times as much 

as that by the Rh-coated mirror of the same length.  Such a multilayer mirror with 

500 mm length will collect 1.5 times the flux by a one-meter long Rh-coated mirror.  

By using the multilayer mirror, one can save some valuable space for the end-station. 
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6.2.2.  Heat Load Management 

The maximum thermal loading of each optical element of the BL13C 

fixed-energy beamline with 1 mrad × 0.4 mrad (H × V) of radiation collection is 

shown in Table 5.  For the design shown in Fig. 23 and when no extra Be-filter 

(located just before the ACCM) is inserted, the maximum thermal power absorbed by 

ACCM is about 130 W. Since the illuminated area on the crystal is rather big, 130 mm 

× 8 mm, and the performance requirement of the curved crystal is less demanding 

than that of DCM(B), the water-cooling mechanism is adequate, as shown in Fig. 27 

(a) and (b).  Only one quarter of the crystal with the water-cooling block is used for 

the thermal analysis.   There is only one cooling channel located below the beam 

footprint since the beam size is less than 10 mm in the vertical direction.  The 

maximum temperature difference on the crystal within the beam footprint with a 

stored ring current of 500 mA is about 3 degrees and the maximum slope deviation is 

about 0.03 mrad, as shown in Fig. 27 (b), which is much smaller than the source size 

angle 0.2 mrad, the resolution limiting factor of the ACCM.  Of course, the slope 

deviation due to the thermal loading will slightly degrade the beam image and hence 

slightly reduce the flux passing through the pinhole located before the sample.  The 

slope deviation caused by the thermal loading can be partially corrected by reducing 

the radius of the curved crystal, either pre-bent or adjustable.  Furthermore, the 

Be-filter set located before the ACCM can be used to lower down the thermal loading 

at the expense of photon flux.  When a 1 mm Be-filter is inserted, the total thermal 

loading of ACCM is decreased by about 25%, as shown in Fig. 28, while the flux is 

lowered by about 7%, as shown in Fig. 29.  Therefore, the water-cooling mechanism 

is acceptable for the design shown in Fig. 23 in the designated application. 

For the design shown in Fig. 24, a flat MM is used as a thermal power filter 
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since it will absorb most of the power deposited, as shown in Fig. 30.  As illustrated 

in Table 5, the maximum thermal power absorbed by the flat MM located at 10m is 

about 90 W, when 2 mrad of horizontal radiation is collected and a 1 mm Be filter is 

inserted.  A water side-cooling mechanism is proposed, and the thermal analysis 

results of the flat MM are shown in Fig. 31 (a) and (b).  The temperature difference 

on MM is shown in Fig. 31 (a), and the slope deviation along the centerline on MM is 

shown in Fig. 31 (b).  The maximum temperature difference on MM is about 1 ℃ 

and the maximum slope deviation (in tangential direction) is about 1.5 arc seconds. 

The slope deviation in the tangential direction, which changes the vertical beam 

divergence, can be mostly corrected by FM(C).  Furthermore, a thicker Be filter can 

be inserted to cut down more thermal loading if needed.  The biggest advantage of 

using the multilayer mirror is that it absorbs most of the deposited thermal power and 

only a small portion of the power, about 10 watts as shown in Fig. 30, transmitted to 

the ACCM, and hence a simple indirect water-cooling is more than adequate for 

ACCM. 

Although both designs of option 1 and 2 are acceptable to the proposed 

application, we have chosen option 1 for the BL13C Fixed-Energy beamline because 

it requires one fewer mirror. 

 

6.2.3.  Expected Performance: 

The focused beam size at the sample location is about 0.6 mm × 0.06 mm, as 

shown in Fig. 32. The estimated average photon flux of the BL13C fixed-energy 

beamline without pinhole is about 7×1012 photons/(sec.200mA).  The expected 

photon flux after two 100 µm pinholes located before the sample is > 8×1010 

photons/(sec.200mA).  The expected energy resolution is better than 1.5×10-3 at 

photon energy 13 keV even when the stored current is as high as 500 mA.  All these 
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values meet well with the requirements of the specified application. 

 

7. End-Station 

A high-throughput biological crystallography beamline and end-station are 

designed with three major features: a user-friendly beamline control and data 

acquisition system, a large and fast readout area detector system, and a powerful 

computer system equipped with all necessary crystallographic software packages. A 

user-friendly beamline control, including automated sample mounting, viewing, and 

centering, combined with data acquisition system allow users to concentrate on their 

data collection and analysis without worrying about the beamline operation.  A large 

and fast readout area CCD detector system is widely used for the current application, 

substantially reducing the cycling dead time. This minimizes the time-dependent 

effect of radiation damage on the sample, and therefore increases the quality of data 

collection.  A powerful computer system equipped with all necessary 

crystallographic software packages allow users to process data and examine the 

experiment nearly in real-time and ensure the success of the experimental run.  

 

7.1. Functional Description of the End-Station Components 

 The major components employed for the designed end-station, as shown in 

Figs.33, 34, and 35, are briefly described in the following. 

 

7.1.1.  Diffractometer Front-end 

The Diffractometer Front-end, which is the first component of the whole 

end-station setup as shown in Fig. 33, consists of: (1) Two sets of XY slit to define the 

required beam size, (2) Three ion chambers to monitor the beam intensity, (3) A filter 

set to attenuate the beam intensity, (4) A fast shutter to control the exposure time of a 

crystal, (5) A guard shield to minimize the air scattering, and (6) A helium flying path 
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to minimize the air absorption, as shown in Fig. 35. 

The entire diffractometer front-end, which is a modular design and requires no 

additional window, will be continuously flooded with helium gas to minimize the air 

absorption effect.  Different foils, such as Se and Cu, will be included in the filter set 

for photon energy calibration. The slit system, the beam stop, and the final guard 

shield are motorized and can be easily controlled to match the photon beam size with 

the sample size.  

 

 

7.1.2.  Sample Viewer, Beam Stopper, and Fluorescence Detector 

Color monitors will be installed inside and outside the hutch for viewing the 

sample via a high-resolution color CCD camera equipped with a telescope. The image 

from the CCD is converted into a video stream through network. A cold light source 

will be provided to ensure that the crystal is not exposed to excessive heat. A 

motorized beam stop made of tungsten is used to block the direct beam and protect 

the area detector and also to reduce the background noise caused by air scattering.  

In order to phase a macromolecular structure utilizing anomalous signals (e.g. 

MAD, SAD, SIRAS etc), one need to have accurate fluorescence spectra of the 

sample at selected photon energies.  The exact absorption edge of the anomalous 

scatterer is determined by the fluorescence spectrum taken from the sample crystal, at 

which the energy will be used for later data collection. An energy-resolved 

fluorescence detector is used to collect the fluorescence spectra with high 

signal-to-noise ratio. The fluorescence detector will be placed along the direction of 

x-ray polarization to enhance signal-to-noise ratio, since the background noise from 

the sample elastic scattering is lower in that direction. A fluorescence detector 

(Eurisys) with an energy resolution of 250 eV will be chosen for the designated 
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applications. 

 

7.1.3.  Goniometer  

The sample will be oriented and rotated during data collection using a kappa 

diffractometer, which has three rotation circles and three additional motorized 

translations for remote sample alignment. In order to collect the complete data set it is 

often necessary to re-orient the crystal to cover the blind region. A kappa goniometer 

will allow easy sample orientation and data collection. The kappa goniometer (Huber) 

will be chosen for the current project. 

 

7.1.4.  Automated Sample Mounting System 

A fully automated sample mounting system developed at SSRL will be used to 

mount the frozen protein crystals; crystals are first placed in cryo-loops on CrystalCap 

Magnetic cryo-pins (Hampton Research) and then flash-cooled with LN2. This system 

contains a compact "standard" cylindrical sample cassette, which will be capable of 

storing up to 96 crystals.  A small-scale industrial pick-and-place 4-axis Seiko 

ES550/320 robot will be used to make the transfer back and forth between the 

dispensing bowl and the phi axis of the Huber Kappa diffractormeter (with X, Y, and 

Z sample translations to facilitate the remote alignment of the sample to the x-ray 

beam). 

 

7.1.5.  Cryo-cooler and Cryo-crystallography Tools 

Cryo-crystallography has revolutionized the macromolecular crystallography 

study. The data collection is performed when the crystal is flash-cooled at about 100 

K.  The crystals are kept at liquid nitrogen temperature when they are not exposed to 

the beam for measurement.  In general, crystals suffer much less radiation damage 
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and diffraction data with higher resolution can be obtained when the crystals are 

cryo-cooled appropriately.  

A stand-alone cryo-cooler system, Rigaku-MSC X-stream 2000, will be used to 

cool the samples. The cryo-cooler has a flexible transfer arm, which allows arbitrary 

orientation of the cryo-arm for alignment. The temperature of the gas-steam can be 

adjusted from room temperature to 90 K. 

A complete set of cryo-tools (sample mounting pins, transfer tongs, magnetic 

wand, hemostats, dewars, heater, heat shield, and etc) will be provided for 

manipulation and transferring of the flash-cooled samples. A high-quality 

stereomicroscope with an additional video camera will also be provided for mounting 

crystals. For example, the Leica MZ6 microscope is an excellent instrument with a 

wide base for supporting standard crystallization trays. A cold light source will be also 

installed to keep the samples from exposing to excessive heat. 

 

7.1.6.  Detector Positioning System 

A heavy-duty detector positioning system allows positioning the detector with 

respect to the sample and the x-ray beam. The detector-to-sample distance can be 

varied from 8 cm to 1 m. The detector can be offset both in the vertical and horizontal 

planes for collecting high-resolution data.  A pitch motion is also incorporated in the 

system for the detector to move in a true two-theta relationship (–5o ~ 45o). 

 

7.1.7.  Area Detector 

A large and fast readout area CCD detector is widely used for collecting high 

resolution data from a large unit cell, reducing time dependent decay of the sample, 

and allowing effective use of beam time.  The well-known ADSC CCD detectors, 

such as Quantum 4R, Quantum 210, and Quantum 315, have been successfully used 
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at many biological crystallography beamlines in major synchrotron radiation facilities 

around the world. Both the ADSC Q210 and ADSC Q315 detectors will be chosen for 

our proposed applications.  

 

7.1.8.  Alignment Table 

A heavy-duty and high-precision motorized table with four degrees of motions 

(vertical, horizontal, pitch, and yaw) for remote-controlled alignment will be used to 

support the whole experimental setup.  

 

 

7.1.9.  Beam Line Control and Data Acquisition System 

If the experiments performed on biological crystallography beamlines and 

end-stations use multiple computers with different operating systems to control 

various components, and users have to enter the hutch very often to mount and align 

the sample.  This will increase the possibility of making undesired mistakes and 

affect the overall performance.  In order to simplify the beamline operation and data 

acquisition and hence optimize the experimental performance, a Beam Line 

Unification in an Integrated Control Environment (BLU-ICE) [51,52] developed at 

SSRL will be implemented in these new beamlines. The BLU-ICE is a completely 

integrated software environment that functions as a distributed control system for 

crystallographic data collection to relieve the experimenter of the complexity in using 

multiple computer interfaces and mechanical devices. This unified system provides an 

easy extension route for future development such as automation of sample handling. 

7.1.10.  Crystallographic Software Packages 

The DPS/MOSFLM/SCALA and the HKL/HKL2000 packages will be provided 

for data reduction at the crystallography end station. Standard input files, which 
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contain beamline-specific parameters, will also be provided in both packages. The 

preliminary crystallographic analysis, such as diffraction quality, resolution, and 

indexing, will be performed before the actual data collection. The subsequent 

integration and scaling of the data set will be performed during the data collection. 

The commonly used crystallographic software packages, such as CCP4, XtalView, 

PHASES, SOLVE, SHELXL97, O, CNS, SnB, and etc., will also be installed on site. 

The quality of the derivative data sets can be evaluated by calculating the 

difference or the anomalous difference Patterson maps from the partially collected 

data sets, which allows the users to judge whether the collected data and/or the sample 

is good enough.  The structures of the crystals can be solved by molecular 

replacement, single/multiple isomorphous replacement (SIR/MIR), or MAD/SAD 

methods. Difference Fourier maps can be calculated to locate the binding sites for 

crystals soaked with substrate analogs, and then the results of the structures can be 

refined.  The goal is to build an optimum end-station so that users can return home 

with fully processed data of high quality and possibly with solved structures. 

 

7.1.11.  Hutch 

There are two types of hutches used for housing the experimental setup 

described above, one called walk-in hutch [53], which has more space reserved inside 

for future development, and the other called mini hutch or window hutch [53,19], 

which houses all the necessary equipments in a very nice compact form and the user 

just have to treat the whole hutch as one apparatus.  We have chosen the full-size 

hutch for the current project, as shown in Fig 6, since it allows maximum flexibility 

for future development and furthermore there is no concern on floor space concerned 

in this case.   
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7.2.  BL13B MAD End-Station 

The experimental setup of this end-station is designed for a high throughput 

protein crystallography study, as shown in Figs. 33, 34, and 35. A kappa-geometry 

diffractometer is equipped with a pseudo 2θ–arm, an ADSC Q315 CCD system, 

and a large optical table.  The kappa-geometry diffractometer equipped with a 

pseudo 2θ–arm is a compact setup and can cover maximal reciprocal space. The 

pseudo 2θ–arm has a 1m-long translation stage equipped with a vertical translation 

and tilt stage for CCD to make a pseudo 2θmotion. A fast readout CCD detector 

system is normally used to match the typical experimental exposure time, 10-30 

seconds per degree rotation of the sample. The CCD system proposed, ADSC Q315 

(USA), has nine 2048x2048 pixel chips in a 3 × 3 matrix form coupled with tapered 

fiber optics. The pixel size is 50 µm × 50 µm, which has a dynamic range of 64k (16 

bits).  The total active area of the CCD is 315 mm × 315 mm.  The readout time for 

the total active area is about 3 seconds, 1 second to read the image into the memory 

using 16-bit ADCs, 2 seconds to transfer data to destination computer and correct the 

spatial distortion and non-uniformity of the detector response.  A large heavy-duty 

optical table, which has a loading capacity of 2000 kg, will be employed to support 

and align all the experimental setup required. The optical table aligns with respect to 

the x-ray beam by two rotation and two translation stages all with sub-micron 

adjustment accuracy.  An “intelligent” software package (BLU-ICE) is used to link 

the diffractormeter, CCD system, and the optical table together to allow flexible and 

rapid data collection. Robotic systems for automated crystal handling, viewing and 

centering will be added to the system later to shorten the amount of time required for 

sample mounting and hence increase the overall performance. 

 

7.3.  BL13C Fixed-Energy End-Station 
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The end-station setup for the BL13C Fixed-Energy Beamline is similar to that of 

BL13B DCM Beamline, except that the CCD detector chosen is ADSC Q210 instead 

of Q315.  The ADSC Q210 CCD system has four 2048×2048 pixel chips in a 2 × 2 

matrix form.  The performance of Q210 is the same as Q315, except for a smaller 

total active area, 215 mm × 215 mm.  A robotic system to enhance the overall 

performance will be also installed when it is available. 
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Table captions 

Table 1. The design parameters of the superconducting multipole wiggler magnet. 

Table 2. The design parameters of the mirrors for the biological crystallography 
beamlines, BL13B and BL13C. 

Table 3. The parameters of Si(111) crystal for the monochromator of BL13B DCM 
beamline. 

Table 4. The thermal loading of each optical element of the BL13B DCM beamline 
with the storage ring current of 500 mA. The radiation collected is 2 mrad × 
0.2 mrad and total thermal power is about 727 W. 

Table 5. The thermal loading of each optical element of the BL13C Fixed-Energy 
beamline with the storage ring current of 500 mA. The radiation collected is 
1 mrad × 0.4 mrad and total thermal power is about 322 W. 
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Figure captions 

Fig. 1. The power density of the superconducting multipole wiggler source calculated 
at 20 m from the source. The stored ring current is 500 mA. 

Fig. 2. The photon fluxes and brightness of the superconducting multipole wiggler 
source with 500 mA stored current. 

Fig. 3. The vertical beam divergence of SMPW photon source.  

Fig. 4. (a) Two types of the arrangement of double crystal, one is  parallel (┼,─) 
and the other is antiparallel (┼,─) arrangement. (b) The Du Mond diagram 

(i.e. the relationship between the reflected wavelength and the Bragg angle of 
the crystal) for the double reflected beam in each case of (a). 

Fig. 5. The contribution of source divergenceαv and size Δθsource to the range of 
energies reflected by a (┼,─) double crystal monochromator. 

Fig. 6. The layout and main features of the biological crystallography beamlines 
BL13A, BL13B, and BL13C. 

Fig. 7. The optical layout of BL13B DCM beamline. 

Fig. 8. The horizontal and vertical image sizes (FWHM) versus the location of the 
focusing mirror FM(B). 

Fig. 9. The simulated beam size (left) and beam divergence (right) at the sample 
position. The photon energy is 12.65 keV and FM(B) is located at 17 m, 17.5 
m, and 18 m for BL13B DCM beamline, respectively. 

Fig. 10. The flux efficiency after each optical element of BL13B DCM beamline when 
the 1 m long FM(B) is located at 17 m, 17.5 m, and 18 m, respectively. 

Fig. 11. The critical angle for total reflection of the mirror coated with Pt, Au, Rh, and 
Si, respectively. 

Fig. 12. The reflectivity of Rh coated mirror measured at different glancing angles. 

Fig. 13. The thermal loading analysis of the side-cooled collimating mirror CM(B) of 
BL13B DCM beamline. A heat load of 80 W is absorbed on an area of 1000 
mm × 22 mm and the cooling water flow is 2 liter/min. (a) The temperature 
distribution (only 1/4 system is shown). (b) The slope deviation along the 
centerline on the mirror surface.  

Fig. 14. The thermal loading analysis of the back-cooled crystal. The total absorbed 
thermal power is 360 W, the cooling water flow is 2 liter/min per channel, and 
the crystal is scanned to photon energy 19 keV when the beam footprint is 
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maximum. (a) The temperature distribution (only 1/4 system is shown).     
(b) The slope deviation along the centerline on the crystal surface. 

Fig. 15. The thermal loading analysis of the back-cooled crystal. The total absorbed 
thermal power is 360 W, the cooling water flow is 2 liter/min per channel, and 
the crystal is scanned to photon energy 6 keV when the beam footprint is 
minimum. (a) The temperature distribution (only 1/4 system is shown).     
(b) The slope deviation along the centerline on the crystal surface. 

Fig. 16. The thermal loading analysis of the direct-cooled crystal. There are 5 cooling 
channels built inside the crystal perpendicular to the beam direction, and the 
cooling flow rate in each channel is adjusted accordingly to the power 
distribution. The total absorbed power is 360 W and the crystal is scanned to 
photon energy 19 keV. (a) The temperature distribution (only 1/4 system is 
shown). (b) The slope deviation along the centerline on the crystal surface. 

Fig. 17. The thermal loading analysis of the direct-cooled crystal. The system 
conditions: the absorbed power, cooling channels, and flow rates are the same 
as that shown in Fig. 16, except that there is an extra substrate material located 
below the cooling level. (a) The temperature distribution (only 1/4 system is 
shown). (b) The slope deviation along the centerline on the crystal surface. 
The maximum slope deviation is reduced by 50% of that shown in Fig.16 (b). 

Fig. 18. The thermal loading analysis of the direct-cooled crystal with back heating. 
The system conditions: the absorbed power, cooling channels, and flow rates 
are the same as that shown in Fig.16, except there is a heating pattern at the 
bottom surface identical to the absorbed power distribution on the top.      
(a) The temperature distribution (only 1/4 system is shown). (b) The slope 
deviation along the centerline on the crystal surface. 

Fig. 19. The thermal loading analysis of the crystal cooled by LN2. The total absorbed 
power is 360 W and the crystal is scanned to energy 6 keV. (a) The 
tempera-ture distribution (only 1/4 system is shown). (b) The slope deviation 
along the centerline on the crystal surface. 

Fig. 20. The beam size (left) and beam divergence (right) for different energies at the 
sample position of BL13B DCM beamline. 

Fig. 21. The photon flux calculation for BL13B DCM beamline. The source intensity 
has been normalized to the average resolving power 5000 of DCM. 

Fig. 22. The calculated energy resolution of BL13B DCM beamline. 

Fig. 23. The optical layout of BL13C Fixed-Energy beamline (option 1). SMPW, 
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Radiation Source; ACCM, Asymmetric-Cut Crystal Monochromator; FMC, 
Focusing Mirror; D, Detector. 

Fig. 24. The optical layout of BL13C Fixed-Energy beamline (option 2). SMPW, 
Radiation Source; MM, Multilayer Mirror; ACCM, Asymmetric-Cut Crystal 
Monochromator; FMC, Focusing Mirror; D, Detector. 

Fig. 25. The top view of the source size when the source is rotated with 4 mrad. The 
projection in the X direction indicates the effective horizontal source size 
viewed at the side beamline BL13A or BL13C. 

Fig. 26. The reflectivity of the Si/Mo multilayer mirror. 

Fig. 27. The thermal loading analysis of the back-cooled ACCM with heat load of 130 
W and cooling water flow of 2 liter/min. The crystal is fixed at photon energy 
13 keV. (a) The temperature distribution (only 1/4 system is shown). (b) The 
slope deviation along the centerline on the crystal surface. 

Fig. 28. The transmission of the synchrotron radiation through the Be filters. 

Fig. 29. The photon flux transmitted through the Be filters. The flux has been 
normalized to that obtained with 0.85mm Be filter. The flux is decreased by 
about 7% per 1 mm increase of Be-filter. 

Fig. 30. The synchrotron radiation power transmitted through the Be-filters and 
multilayer mirror. 

Fig. 31. The thermal loading analysis of the side-cooled flat MM of BL13C fixed 
energy beamline (option 2). The heat load is 90 W and the cooling water flow 
is 2 liter/min. (a) The temperature distribution (only 1/2 system is shown).  (b) 
The slope deviation along the centerline on mirror surface. 

Fig. 32. The simulated beam size at the sample position of BL13C Fixed-Energy 
beamline. 

Fig. 33. The top view of the setup of the biological crystallography end-station. 

Fig. 34. The side view of the setup of the biological crystallography end-station. 

Fig. 35. The layout of the diffractometer front-end module. 

 

 



Table 1. The design parameters of the superconducting multipole wiggler 
(SMPW) magnet [7] 

 

 SMPW 

Number of full strength pole 28 

Flange to flange of magnet (cm) 140.4 

Magnet period [cm] 6.0 

Any direction field strength away from magnetic center 1940 mm ( G) ≦ 0.3  

Magnet center above ground (cm) 135 

Magnet total dimension LxWxH within (cm) 135 x 120 x 208 

Clear Horizontal (vertical) aperture of beam duct [cm] 8 (1.2) 

Vibration amplification factor between 0.1-65 Hz ≦ 5 

LHe boiling off without Cryorefrigerator (l/h) for re-condense ≦ 4 

Beam duct temperature (K) ≦20 

Peak filed [T] ≧3.2 

Average excitation rate [A/s] ≧0.5 

Deflection parameter K=0.934Bλ ≧17.9 

Total radiation angle (mrad.) [68% of flux @ 0 mrad & 15 keV] ± 6 [±3] 

Electron beam size and divergenceσx (σy), σ’x (σ’y) [mm],[mrad] 0.46 (0.065), 0.044 (0.022) 

Photon beam size and divergenceσrx (σry), σ’rx (σ’ry)[mm],[mrad]@15 
keV 

0.01 (0.04), 0.86 (0.17) 

Photon flux (brilliance) @ 15 keV (0.5A)  6.5x1013 (1.2x1015) 

Total power (kW) @ 500 mA 6.4 

 
 



Table 2. The design parameters of the mirrors for the biological crystallography beamlines BL13B and BL13C. 
 

Horizontal (Sagital) Vertical (Tangential)    
 

Optics 
r1 

(mm) 
r2 

(mm) 
θglance 

(mrad) 
ρ 

(mm) 
size 

(mm) 
r1 

(mm) 
r2 

(mm) 
θglance 

(mrad) 
R 

(mm) 
size 

(mm) 

BL13B CM 
Collimating mirror 

Tangential- 
cylindrical  
Rh-coated 

 

 
 

11000 

 
 

n.a. 

 
 

3.5 

 
 

8  

 
 

40 
 

 
 

11000 

 
 

8  

 
 

3.5 

 
 

6285730 

 
 

1000 

BL13B FM 
Focusing mirror 

Toroidal 
Rh-coated 

 
 

17500 

 
 

9500 

 
 

3.5 

 
 

43.1 

 
 

50 
 
 

 
 

8  

 
 

9500 

 
 

3.5 

 
 

5428580 

 
 

1000 

BL13C FM 
Focusing mirror 

Tangential- 
cylindrical  
Rh-coated 
(Option) 

 

 
 

20900 

 
 

n.a. 

 
 

4.5 

 
 

8  

 
 

50 
 
 

 
 

20900 

 
 

1900 

 
 

4.5 

 
 

774080 

 
 

1000 

BL13C FM 
Tangential- 
cylindrical 

Multilayer (Si/Mo) mirror 
 

 
 

20900 

 
 

n.a. 

 
 

15 

 
 

8  

 
 

60 

 
 

20900 

 
 

1900 

 
 

15 

 
 

774080 

 
 

500 

BL13C  
Flat MM 

Multilayer (Si/Mo) mirror 
(Option 2) 

 

 
 

11000 

 
 

n.a. 

 
 

8.7 

 
 

8  

 
 

30 
 
 

 
 

11000 

 
 

n.a. 

 
 

8.7 

 
 

8  

 
 

500 

     MM: Si (3.8nm) /Mo (2nm) 100 pairs 



Table 3. The parameters of Si (111) crystals for the monochromator of BL13B DCM beamline 

Monochromator : Si(111), 2d=6.2712 

Energy 
E (keV) 

Bragg Angle 
θB (deg.) 

Darwin Width 
ΔθDW (arc sec) 

Resolution of Si (111) 
ΔE/E (x10-4) 

6.5 17.707 8.90 1.34 
7 16.406 8.10 1.33 
8 14.308 6.99 1.33 
9 12.690 6.15 1.33 
10 11.403 5.50 1.32 
11 10.354 4.97 1.32 
12 9.483 4.53 1.32 
13 8.748 4.17 1.31 
14 8.118 3.86 1.31 
15 7.574 3.59 1.31 
16 7.098 3.36 1.31 
17 6.678 3.16 1.31 
18 6.306 2.98 1.31 
19 5.973 2.82 1.31 

 



 

Table 4. The thermal loading of each optical element of the BL13B DCM beamline with the storage ring current of 500 

mA. The radiation collected is 2 mrad x 0.2 mrad, and the total thermal power is about 727 W. 

 

 Be-filter CM Be-window DCM FM 

Location 

(m) 8.62 11 11.88 15.2 17.5 

Dimension 

L x W x T (mm) 30 x 10 x 0.6 1000 x 65 x 100 160 x 10 x 0.25 60 x 60 x 5 1000 x 65 x 100 

Optical aperture 

H x V (mm) 18 x 3.5 960 x 22 22 x 4 35 x (7~30) 1000 x 35 

Power absorbed 

(W) 267 71 31 357 < 1 

 



 

Table 5. The thermal loading of each optical element of the BL13C Fixed-Energy beamline with the storage ring current of 

500 mA. The radiation collected is 1 mrad x 0.4 mrad, and the total thermal power is about 322 W. 

 
 Be-filter 

(0.6 mm) 

Be-filter 

(1 mm) 

(option 2) 

Flat MM 

(option 2) 

Be-window 

(0.25 mm) 

Be-filter 

(1 mm) 

(option 1) 

ACCM FM 

Location 

(m) 8.62 8.62 11 11.88 18.6 19 20.855 

Dimension 

L x W x T (mm) 15 x 10 x 0.6 15 x 10 x 1 400 x 20 x 50 160 x 10 x 0.25 40 x 10 x 1 15 x 15 x 0.5 1000 x 65 x100 

Optical aperture 

H x V (mm) 9 x 3.5 9 x 3.5 380 x 11 12 x 4 19 x 6 10 x 10 1000 x 22 

176.5   16.5  128.5 

 (no extra 
Be-filter) 

<1 Power absorbed 

(W) 

option 1 

176.5   16.5 36.6 92 

 (+ 1 mm 
Be-filter) 

<1 

Power absorbed 

(W) 

option 2 

176.5 46.5 87 1.6  10 <1 
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Fig. 1. The power density of the superconducting multipole wiggler  
source calculated at 20 m from the source. The stored ring current 
is 500mA. 
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Fig. 2. The photon fluxes and brightness of the superconducting 
multipole wiggler source with 500 mA stored current. 

 
 



Fig. 3.   The vertical beam divergence of SMPW source.   
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Fig. 4. (a) Two types of the arrangement of double crystal, one is  

parallel (┼,─ ) and the other is antiparallel (┼,─ ) 

arrangement. (b) The Du Mond diagram (i.e. the relationship 
between the reflected wavelength and the Bragg angle of the 
crystal) for the double reflected beam in each case of (a). 



 
 
 
 
 

Fig. 5. The contribution of source divergenceαv and size Δθsource to the 

range of energies reflected by a ( ┼ ,─ ) double crystal 

monochromator. 
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Fig. 7. The optical layout of BL13B DCM beamline. SMPW Radiation Source；CM(B)﹐Collimating Mirror； 

Side View

Top View

SMPW

27000 17500 15200 11000

FM(B)
DCM(B)

CM(B)

D

3.
5 m

ra
d

24880 11880 8620

Be-Window
(250μm thick) Be-Window

Be-Filter(250μm thick)
(600μm thick)

 



0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

15 16 17 18 19 20 21

FM(B) Position (m)

Im
ag

e 
Si

ze
 (F

W
H

M
, m

m
)

Horizontal (FWHM, mm)

Vertical (FWHM, mm)

Fig. 8.   The horizontal and vertical image sizes (FWHM) versus the location of the focusing mirror FM(B).



 
Fig. 9. The simulated beam size (left) and beam divergence (right) at the sample 

position. The photon energy is 12.65 keV and FM(B) is located at 17 m, 17.5 
m, and 18 m for BL13B DCM beamline, respectively. 



Fig. 10.   The flux throughput after each optical element of BL13B DCM beamline
 when the 1 m long FM(B) is located at  17 m, 17.5 m, and 18 m.
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                   Fig. 11.   The critical angle for total reflection of mirror coated with different materials Pt, Au, Rh and Si.
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Fig. 12.   The reflectivity of Rh coated mirror at different glancing angles.
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Fig. 13. The thermal loading analysis of the side-cooled collimating 

mirror CM(B) of BL13B DCM beamline. A heat load of 80 W is 
absorbed on an area of 1000 mm × 22 mm and cooling water 
flow of 2 liter/min. (a) The temperature distribution (only 1/2 
system is shown). (b) The slope deviation along the centerline 
on the mirror surface.  

 



 
Fig. 14. The thermal loading analysis of the back-cooled first crystal of 

DCMB with heat load of 360 W and cooling water flow of 2 
liter/min per channel. The crystal is scanned to photon energy 
19 keV when the beam footprint is maximum. (a) The 
temperature distribution (only 1/4 system is shown). (b) The 
slope deviation along the centerline on the crystal surface. 
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Fig. 15. The thermal loading analysis of the back-cooled first crystal of 

DCMB with heat load of 360 W and cooling water flow of 2 
liter/min per channel. The crystal is scanned to photon energy 6 
keV when the beam footprint is minimum. (a) The temperature 
distribution (only 1/4 system is shown). (b) The slope deviation 
along the centerline on the crystal surface. 
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Fig. 16. The thermal loading analysis of the direct-cooled crystal. There 

are 5 cooling channels built directly inside the crystal below the 
top surface, and the cooling flow rate in each channel is 
adjusted accordingly to the power distribution.  The total 
absorbed power is 360 W and the crystal is scanned to photon 
energy 19 keV. (a) The temperature distribution (only 1/4 
system is shown). (b) The slope deviation along the centerline 
on the crystal surface. 



 
Fig. 17. The thermal loading analysis of the direct-cooled crystal. The 

system conditions: the absorbed power, cooling channels, and 
flow rates are the same as that shown in Fig.16, except there is 
an extra substrate material located below the cooling level. (a) 
The temperature distribution (only 1/4 system is shown). (b) 
The slope deviation along the centerline on the crystal surface. 
The maximum slope deviation is reduced by 50% of that shown 
in Fig.16(b). 
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Fig. 18. The thermal loading analysis of the direct-cooled crystal with 

back heating. The system conditions: the absorbed power, 
cooling channels, and flow rates are the same as that shown in 
Fig.16, except there is a heating pattern at the bottom surface 
identical to the absorbed power distribution on the top. (a) The 
temperature distribution (only 1/4 system is shown). (b) The 
slope deviation along the centerline on the crystal surface. 



 
Fig. 19. The thermal loading analysis of the back-cooled first crystal of 

DCMB with heat load of 360 W and back cooled with LN2 
cooling , when the crystal is scanned to energy 6 keV. (a) The 
temperature distribution (only 1/4 system is shown). (b) The 
slope deviation along the centerline on the crystal surface.  
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Fig. 20. The beam size (left) and beam divergence (right) for different energies 
at the sample position of BL13B DCM beamline. 
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                  Fig. 21.   The photon flux calculation  for BL13B DCM beamline. The source intensity has been normalized to
                                  the average resolving power 5000 of DCM.
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ACCM, Asymmtric-Cut Curved Crystal Monochromator; MFM﹐Multilayer Focusing Mirror；D, Detector﹒
Fig. 23. The optical layout of  the BL13C Fix-Energy beamline (option1). SMPW Radiation Source；
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Fig. 24. The optical layout of  the BL13C Fix-Energy beamline (option2). SMPW Radiation Source；Flat MM, Flat Multilayer Mirror
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Fig. 25. The top view of the source size when the source is rotated with 4 mrad. The projection in the X direction indicates the effective 
horizontal source size viewed at the side beamline BL13A or BL13C. 



Fig. 26.   The reflectivity of Si/Mo multilayer mirror.
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Fig. 27. The thermal loading analysis of the back-cooled ACCM with 
heat load of 130 W and cooling water flow of 2 liter/min. The 
crystal is fixed at photon energy 13 keV. (a) The temperature 
distribution (only 1/4 system is shown). (b) The slope deviation 
along the centerline on the crystal surface. 
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Fig. 28.  The transmission of the synchrotron radiation through the Be filters. 



 

Fig. 29. The photon flux transmitted through the Be filters. The flux has been normalized to that obtained with 0.85mm Be filter. The flux is 
decreased by about 7% per 1 mm increase of Be-filter. 



 

Fig. 30. The synchrotron radiation power transmitted through the Be-filters and multilayer mirror. 



 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 31. The thermal loading analysis of the side-cooled flat MM of 
BL13C fixed energy beamline (option 2). The heat load is 90 
W and the cooling water flow is 2 liter/min. (a) The 
temperature distribution (only 1/2 system is shown). (b) The 
slope deviation along the centerline on mirror surface. 
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Fig. 32. The simulated beam size at the sample position of BL13C Fixed-Energy beamline. 



Fig. 33.  The top view of the setup of the biological crystallography end-station.

End Station Hardware Components

• Diffractometer Front-end Module

• Sample viewer equipped with a high-resolution color CCD 
camera and a telescope

• Motorized beam stopper made of tungsten

• Energy resolving fluorescence detector

• Huber kappa goniometer with three additional motorized 
translations for remote sample alignment 

• Sample Cryo-cooler (Oxford Cryojet) with auto-fill system

• Area detector: ADSC Quantum 315 or 210 CCD detector 

• Detector positioning system and alignment table

Fluorescence Detector

Beam Stopper

Goniometer

Diffractometer Front-end

Cryo-cooler Nozzle

Detector Positioning System

Sample Viewer

1000mm

+/- 2o

Specifications of Main End Station Components

• Sample-to-detector distance can be varied from 80 to 1000 
mm.

• Area detector can be offset ± 200 mm in the horizontal plane 
and –100 ~ 10000 mm in the vertical plane.

• Area detector incorporated with a pitch motion can emulate 
a true two-theta motion –5o ~ 45o.

• Alignment table can be travelled ± 30 mm in the horizontal 
plane, ± 50 mm in the vertical plane, ± 2o for both pitch and 
yaw motions. 

• The travel ranges of the goniometer are ± 180o for ω axis, 
unlimited for κ and ψ axes, ± 5 mm for X and Y 
translations, ± 10 mm for Z (along ψ axis direction) 
translation.



Fig. 34.  The side view of the setup of the biological crystallography end-station.
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Diffractometer Front-end Components

• Two XY slit sets to define the required beam size

• Three ion chambers to monitor the beam intensity

• A filter set to change the beam intensity

• A fast shutter to control the exposure time

• A guard shield to minimize the air scattering

• Foils such as Se and Cu will be put in the filter set for energy calibration. 

• The entire diffractometer front-end will be a modular design that does not 
require any additional Be-windows and hence minimizes the absorption 
effects. 

• The diffractometer front-end will be continually flooded with helium gas.

Fig. 35.  The layout of the diffractometer front-end module.
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