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1.  Scientific Overview 

It has been fruitful for structural genomics projects worldwide in the last decade. 

Now it has come to a point where many important protein structures cannot be solved 

by regular protein X-ray diffraction beamlines. Numbers of domestic and international 

users of protein crystallography in NSRRC have increased rapidly in the last few 

years, and the demands for more beamtime and better beamlines have led to the 

proposal of a new tunable-wavelength micro-diffraction beamline at Taiwan photon 

source, TPS. After several reviews since 2008, we merged proposals from Protein 

Crystallography Interest Group (PXIG) and National Tsing-Hua University, and now 

come to a conclusion that the new protein beamline should meet the following 

requirements: 

 Small beam divergence to cope with large unit cell crystals 

 Small beam size and high flux density for dealing with small and high-mosaicity 

crystals 

 Wide and accurate X-ray energy tunability for MAD/SAD phasing, optimized for 

most commonly used selenium and sulfur-SAD 

 High positional stability for micro crystals 

 Beamline automation and remote access to achieve high throughput structural 

determination 

Many projects from our user groups will benefit immediately from such a 

beamline. By using apertures instead of focusing, our approach that produces small 

beam brings forth the following features: 

 Energy ranges from 5.7 to 20 keV (wavelength 2.175 – 0.62 Å ). 
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 Beam divergence is less than 500 rad (horizontal) and 100 rad (vertical) at Se K 

edge (0.98 Å ). 

 Energy reproducibility is better than 0.25 eV at 12.4 keV. 

 Beam size ranges from 1 to 50 m, limited by available aperture size. 

 Flux density at sample position is larger than 2×1012 through a 50 m × 50 m 

aperture at Se K edge (0.98 Å ). 

To achieve these goals, a two meters long undulator (IU22) will be installed as 

the X-ray source. The configuration of optics includes a front end aperture, a slit, and 

a Si(111) DCM followed by two focusing K-B mirrors. The focal point is at 35 m 

from the source, and the hutch ends at 55 m from the source, leaving enough space for 

equipments and users’ operations in the hutch. Heat load on the DCM will be carried 

away by liquid nitrogen cooling system resulting in a slope error of 3.13 rad. Under 

these conditions, demands by users for difficult projects can be fulfilled, and the 

beamline is comparable to most of the advanced micro-focus beamlines worldwide. 

For the end station, an area detector with at least 400 × 400 mm2 active area will 

be incorporated. Distance between the detector and the sample ranges from 85 mm to 

800 mm. Micro-diffractometer MD2 provides a fast rotation speed of 130/s, 

integrated beam shaping, on-axis microscope for both sample and beam visualization, 

and automatic mini-kappa head. It is patented by EMBL and is currently the best 

off-the-shelf solution for diffractometer and goniometer. For cooling of protein 

crystals, both liquid nitrogen and liquid helium cooling systems will be provided. 

Stanford Automatic Mounting System (SAM) is chosen to facilitate high-throughput 

experiments. 
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2.  Insertion Device 

2.1  Source Parameters 

There are several types of undulators currently in use for hard X-ray source at 

synchrotron radiation facilities around the world, including in-vacuum, 

superconducting, and cryo-cooled undulators. The design of in-vacuum undulator 

has matured over the last two decades since its inception in the early 90s and has 

been adopted to provide hard x-rays for many protein crystallography (PX) 

beamlines around the world for its stability and high availability. Therefore we 

choose an in-vacuum undulator as the source for the first phase of PX beamline at 

the new TPS ring of NSRRC. 

The electron beam in an undulator is modulated by the periodic magnetic field 

defined by the magnetic gap and these parameters determine the wavelength of the 

emitted light. The deflection parameter and wavelength are given by, 
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where 

K : deflection parameter 

e : electronic charge, 1.602 × 10-19 coulomb 

B0 : amplitude of magnetic field (Tesla) 

λu : length of magnet period (cm) 

λn : wavelength of the nth harmonics (Å )  

E: electron energy (GeV) 

n : number of odd harmonics (n =1, 3, 5….) 
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The above equations show that K is proportional to the magnetic field and a 

large K value results in extended range at the lower energy end. Taking into 

consideration of the initial operating parameters of TPS and the required energy 

range, the minimum acceptable vertical gap is 7 mm and a period of 22 mm is 

chosen. The in-vacuum undulator IU22, named after its period length, will be placed 

in the short section of the storage ring to provide the required hard X-ray for the PX 

beamline. The undulator parameters are shown in Table 1. 

Table 1. IU22 Source Parameters 

In-vacuum undulator IU22 

Photon energy, keV 5.57-20 

Period length, λ, mm 22 

Number of period, Nperiod 92 

Peak field, T 0.72 

Deflection parameter, Kymax 1.48 

Total magnetic length, L, m 2.024 

Minimum magnet gap, mm 7 

 

2.2  Source Brilliance and Flux 

Due to the low emittance of the TPS ring, at 500 mA storage ring current and a 

magnetic gap of 7 mm, the brilliance in the range 5.57-20 keV calculated by 

SPECTRA[1], using harmonics #3 to #9, is greater than 3 × 1018 

phs/s/mr2/mm2/0.1%bw, as shown in Fig. 1(a). The photon flux is above 1 × 1013 

phs/s/0.1%bw, as shown in Fig. 1(b). 
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Fig. 1. (a) Brilliance of IU22 as a function of photon energy. (b) Photon flux of IU 

22 as a function of energy. 

 

2.3  Source Size and Divergence 

The effective beam size (σeff) and divergence (σ’
eff) are obtained by considering 

the diffraction-limited beam size (σphoton) and divergence (σ’photon), the electron beam 

source size, and divergence, as shown in the following equations. 
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where 

σelectron : electron beam source size (σx,y) 

σ’electron : electron beam divergence (σ’x,y) 
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Fig. 2(a). Horizontal (upper plot) and vertical (lower plot) source size of IU22 as a 

function of energy. 
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Fig. 2(b). Horizontal (upper plot) and vertical (lower plot) source divergence of 

IU22 as a function of energy. 
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Fig. 2(a) and 2(b) show the source size and brilliance of IU22. The horizontal 

source size varies insignificantly around 120 μm while the vertical size varies from 5 

µm to 6 µm in the energy range 5.57-20 keV. The change in vertical divergence over 

this energy range is from 19 to 18 μrad, and the horizontal divergence is from 10 to 

7 μrad. Both source size and divergence are superior to the current TLS ring. In 

particular, the vertical divergence is very small and the collimation of photo beam is 

excellent, so that a collimating mirror is not necessary while still maintaining the 

energy resolving power of this beamline. 

 

3. Performance Requirements 

3.1  General 

This beamline is primarily designed for 1 Ǻ and 2 Ǻ MAD/SAD phasing 

experiments that require an energy range of 5.7 – 20 keV (2.254-0.62 Å ). In 

particular the performance is optimized at the K-edge of Se at 12.658 keV for this 

element's important role in protein crystallography. Other requirements include a 

variable beam size between 1 µm and 50 µm at the sample position, a stable and 

non-drifting beam, and user-friendliness in optics adjustment. The design target of 

the beam size at focal point is 50 µm, with tuning by a set of pinholes down to 1 µm. 

This method has the following advantages, (1) tolerable of slight beam position drift 

around the sample position, (2) a well-defined beam shape with little tailing at the 

edges, (3) lowering of beam divergence at the detector, and (4) convenient change 

from 1 to 50 µm without adjusting the mirror. The drawbacks are, (1) beam size can 

only go down to 1 µm, and (2) loss of flux density when decreasing beam size. 
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3.2  Requirements 

 energy range: 5.7 – 20 keV (wavelength 2.175 - 0.62 Å ) 

 beam size at sample position: 1 ~ 50 µm (FWHM) 

 beam divergence at sample position: 

(a) High flux density mode : 500 µrad (H) × 100 µrad (V) 

(b) Low divergence mode : 100 µrad (H) × 100 µrad (V) 

 photon flux at sample position: > 2.0 × 1012 phs/s at 0.98Å  in 50 µm (H) × 50 

µm (V) 

 energy resolution (ΔE/E): < 2.0 × 10-4  

 high order harmonics < 0.1% 

 position and intensity stability at beam size of 50 µm × 50 µm: 

(1) 5 µm (RMS) position stability over 1 sec. 

(2) 20 µm (RMS) position stability over 2 hr without feedback. 

(3) 5 µm (RMS) position stability over 2 hr with feedback. 

(4) 2% (RMS) intensity drift on the timescale of 100 msec to 60 sec timescale 

with feedback. 

 

4. Optical Design 

4.1  General 

The μ-PX beamline of TPS consists of two major optical components, a double 

crystal monochromator followed by a set of Kirkpatrick-Baez focusing mirrors. At 

the TLS ring of NSRRC, due to the constraint of the experimental floor to the total 

length of beamline, the preferable X-ray focusing mirrors is of the toroidal type. The 

large space of the new TPS ring is able to accommodate beamline length up to 55 m 

while having a smaller beam divergence, thus offering more flexibility in designing 
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the focusing optics. 

The focusing optics currently in use at synchrotron facilities around the world 

for micro- or submicro-beam mainly consist of the following four types, 

Kirkpatrick-Baez mirrors (K-B), zone plate, multilayer Laue, and compound 

reflective lens. When the design priorities include a fixed focal point at different 

energies, ease of changing energy band, and higher flux around 2 Å  wavelength, the 

K-B mirror set is the preferable choice, and such is the case for the present beamline. 

Considering that the demagnification ratio is not the dominant factor in the present 

design, cylindrical mirrors are chosen for the K-B set as the aberration from this type 

of surface is not overly pronounced in this design. Also the cost is lower than 

elliptical mirror.  

The double crystal monochromator (DCM) of this beamline uses plane crystals 

and does not provide focusing. This permits flexibility in positioning the DCM. 

Because the first crystal of DCM is the first optical element that receives the intense 

white light from the undulator, adequate cooling by liquid nitrogen is necessary to 

maintain stable performance. The distance of DCM from source is also made as 

large as possible to increase the footprint and hence reducing the flux density. The 

downstream K-B mirror set only focuses monochromatic light and thus cooling is 

not needed. 

We begin the design process with the optimization of K-B mirrors, followed by 

the DCM, to ensure that the overall beamline performance meets the requirements of 

the end station users. 
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4.2  Position of Focusing Point 

The floor space outside the shielding wall of the new TPS ring has been mainly 

allocated for the new beamlines. Outside the beamline area are the peripheral 

hallways that extends to the outer wall of the ring building, and thus the associated 

experimental facility, such as data collection/analysis area and sample preparation 

room will have to share the space with the end stations. The μ-PX beamline will use 

port 5 of the TPS ring, and has a total length of 55 m from the center of ID to the 

hallway. After space optimization, the first optical component can only be placed at 

21 m from the source and the focal point or sample position is set at 35 m. 

 

4.3  Kirkpatrick-Baez Mirrors 

4.3.1  Optical parameters of the K-B mirrors 

Table 2. Parameters of K-B mirrors 

Mirror VFM HFM 

Shape Cylindrical 

Bender mechanism Yes Yes 

Dimension (mm, 

longitudinal × sagittal) 
180 × 60 600 × 60 

Source distance, p (m) 27 29.85 

Image distance, q (m) 8 5.15 

Focus (m) 35 

Demag. ratio 3.375 5.8 

Acceptance angular (μrad) 25 
1st mode : 83 

2nd mode : 14 

Grazing angle (mrad) 4.2 

Slope error (μrad) 1 1 

Roughness (Ǻ) 3 

Coatings 
(1) Rh 60 nm 

(2) 5 nm Rh/ 25 nm Pt 
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4.3.2  Position of K-B Mirrors 

4.3.2.1  Horizontal Focusing Mirror (HFM) 

This beamline is optimized at 12.65 keV and will have a beam size of 50 μm 

× 50 μm (H × V, FWHM) and a divergence of 500 μrad × 100 μrad. IU22 has a 

source size of 283 μm × 12.5 μm (H × V, FWHM) and a divergence of 43.7 μrad 

× 19.4 μrad (H × V, FWHM). Since vertical collimation of the beam is excellent, 

a vertical collimating mirror upstream of the DCM is not necessary. Therefore the 

optical arrangement of this beamline consists of a pair of plane Si(111) crystals 

for DCM and a downstream K-B mirror set. 

The beam size at focal point is mainly determined by the demagnification 

ratio, slope error of mirror, and aberration terms. The positions of the focusing 

mirrors are also determined by factoring in these parameters. As the horizontal 

source size (283 μm) is much larger than the required focal size of 50 μm, while 

the vertical source size (12.5 μm) is smaller than the required size of 50 μm, we 

first consider the parameters of the horizontal focusing mirror. At the demag ratio 

of 5.8 and a slope error of 0.5 µrad, the equation below shows that the horizontal 

beam size can be reduced to 50 µm, 
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where  

ph : distance of source to horizontal mirror 

ph/(35-ph) : horizontal demagnification ratio  
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The source to HFM distance, ph, obtained from the above equation is 29.85 

m. Based on users’ requirement we adopt a bender mechanism for the HFM to 

precisely fine-tune beam size at the focal point. The current bender technique 

only provides a slope error close to 1 µrad that will bring the beam size to 57 μm. 

This will be improved as more advance bender techniques are available in the 

future.  

Fig. 3 shows a horizontal layout of the optical components in relation to the 

acceptance and divergence angles at each stage of the beamline. The Slits 1 set, 

which consists of both horizontal and vertical slits, is positioned outside the 

shielding wall and upstream of the K-B to define the acceptance angle. There are 

two modes of operation with different divergence angles at the focal point for this 

beamline. One is the high flux density mode with 500 µrad divergence at the 

focal point, the other is the low divergence mode with 100 µrad at the focal point. 

Once the position of the HFM is determined, the horizontal openings of Slits 

1 for each of the two operation mode, high flux density mode and low divergence 

mode, can be calculated. As the photon source has finite size, the actual 

acceptance angle θreal is calculated by the equation, 
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where 

θrequired : required divergence at the focal point 

Σs : FWHM of the source 

p: distance of source to mirror 

q: distance of mirror to focal point 
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PA : source to slit distance 

Pvs : distance from source to the vitural point subtended by the largest 

divergence angle defined by Slits 1.  

 

It can be deduced from the above equation that Slits 1 installed at 22 m with 

a horizontal acceptance angle of 83 µrad will satisfy the condition of high flux 

density mode with divergence angle 500 µrad at the focal point, as shown in Fig. 

3. To satisfy the condition of low divergence mode of 100 µrad, Slits 1 is reduced 

to an opening of 14 µrad. 
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Fig. 3. Layout of beam focusing in the horizontal plane. 

 

4.3.2.2  Vertical Focusing Mirror (VFM) 

As the vertical source size of IU22 is 12.5 μm, the vertical beam size of 50 

μm required by the user can be fulfilled by placing the bendable VFM at 27 m at 

a demag ratio of 3.375. Slope error of 1 µrad that represents the best bender 



14 

currently available is used in the calculation. The vertical acceptance angle at 

Slits 1 is 25 μrad, as shown in Fig. 4. 
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Fig. 4. Layout of beam focusing in the vertical plane. 

 

Although an elliptical surface for the focusing mirror will reduce aberration 

caused by the spread of incidence angle, we decide to choose the cylindrical type 

because the demag ratios for both horizontal and vertical planes are relatively 

small and the aberration effect is less pronounced. Also the cost of manufacturing 

is relatively lower. 

 

4.3.3  Grazing Angle and Mirror Coating 

The grazing angle and coating of the K-B mirrors are decided by considering 

the reflectivity of different metals in the usable energy range of the beamline, and 

also the ability to attenuate high order harmonics, at less than 0.1% as required by 

the end users of this beamline. 
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The critical angle at which the metal surface reaches total reflection in the 

desired energy range is used as a basis to choose the type of coating on the mirror 

surface. It can be expressed as, 

cc  2 ,       (9) 

where  

δc is real part of the reflectivity n = 1 –δc + iβ.  
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Fig. 5. The critical angle as a function of energy for Pt, Au, and Rh. 

 

Fig. 5 shows the critical angle as a function of incident beam energy for three 

commonly used metal coating, Rh, Pt, and Au, in the energy range 5.5 - 20 keV. At 

15.5 keV, the critical angles for Rh, Au, and Pt are 4.2, 5.2, and 5.4 mrad, 

respectively. At fixed energy, as the atomic number increases the critical angle also 

increases. It follows that for a fixed mirror length, coating with heavier atom will 

permit a larger grazing angle and hence a larger acceptance angle and flux. 

One design factor to consider is that the users require a single mirror coating 
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optimized in the range 5.7-15.5 keV in order to simplify beamline operation. The 

other important factor to consider is the variation of reflectivity over the desired 

energy range due to absorption, as shown in Fig. 6. Although Pt coating allows 

larger grazing angle, the reflectivity is overlaid with many L-edge structures in the 

10-15 keV range. On the other hand, the L-edge of Rh lies above 15 keV, and the 

cutoff above 15 keV is effective in attenuating high order harmonics to less than 

0.1 %. For the above reasons we choose 600 Å  Rh coating for the energy range 

5.7-15.5 keV. 
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Fig. 6. The reflectivity of Pt, Au, and Rh as a function of energy from 5 to 25 keV. 

 

For the energy range above 15 keV, the reflectivity can be extended by coating 

a heavier atom, such as Pt, on the Rh layer. The L-edge structures of Pt mentioned 

above can be smoothed out by adding another layer of Rh on Pt, as shown by the 

blue line in Fig. 7, albeit with the accompanying effect of slightly reducing the 

reflectivity near 20 keV. 
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Fig. 7. The reflectivity of 5 nm Rh on 25 nm Pt as a function of energy, compared 

to the single element coating. 

 

4.3.4  Mirror Size 

The beam footprint on the mirror in the longitudinal direction is calculated 

using the source to mirror distance obtained in the above section, with the 

following equations, 
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where 

l f : beam footprint 

r : source to mirror distance 

m : acceptance angle 

θg : grazing angle 
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For this beamline θg >> m, and with Eq. (11) we obtain the beam footprint 

and hence the mirror length, as shown in Table 3. 

Table 3. Parameters for calculating the mirror size. 

 r (m) m (μrad) θg (mrad) l f  (mm) Mirror length (mm) 

VFM 27 25 4.2 160 180 

HFM 29.85 83 4.2 589 600 

 

4.3.5  Slope Error 

The specifications for slope error of mirror surface are determined by the 

specific application and the characteristics of the beamline in question. For a hard 

X-ray beamline, the magnitude of slope error is proportional to the focal beam size 

and plays a critical role in the beamline’s performance. In addition to obtaining the 

state-of-the-art mirror surface, one can reduce the effect of slope error by 

decreasing the image distance, as given by, 

'2 slopeslope q  
,
       (12) 

where 

slope  : beam size contributed from slope error 

q : distance from mirror to focal point 

'

slope : slope error of mirror surface 

 

However, reducing the image distance or increasing the demag ratio results 

in higher beam divergence which is undesirable for certain type of experiment. If 

this is corrected by limiting the acceptance angle, the total flux is sacrificed. A 
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typical example of measured slope error of a mirror is shown in Fig. 8, which is 

input to the Shadow[3] ray tracing program when calculating the real image size. 
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Fig. 8. A typical example of measured slope error of a mirror. 

 

4.4  Double Crystal Monochromator (DCM) 

The double crystal monochromator employs a pair of plane Si(111) crystals for 

diffraction and does not provide focusing of photon beam. Therefore the position of 

DCM at 24.5 m from the source is solely decided by space and installation 

considerations. We choose two separate crystals, instead of the channel-cut type, so 

that the vertical spacing of the two crystals can be adjusted during energy change to 

maintain a fixed vertical height of the outgoing beam. The overall resolution is a 

convolution of crystal rocking curve, beam divergence, and source size, as given by, 

 

2

222 cot)(
cryst

Bslitsource
E

E















  (13) 



20 

p

y

source


   and 

p

svy

slit

),min( '
 

, 

where

 

y : vertical source size (FWHM)  

'

y : vertical divergence (6σ)  

vs : vertical opening of the Slits 1 upstream of DCM 

p : distance from source to 1st crystal 
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=1.33×10-4 : intrinsic resolution of Si(111) 

 

The beam footprint is determined by the source size, beam divergence, 

distance to the source, and the Bragg angle, as given by 
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where

 

yx, : source size  

'

, yx  : source divergence  

p:  distance to source 

θB : Bragg angle 

 

The maximum footprint is 2.04 mm × 6.29 mm (W × L), which corresponds to 

the smallest Bragg angle obtained at 20 keV. The vertical beam offset after the two 

crystals is 25 mm, which is a typical value and facilitates installation of the 
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downstream Bremsstrahlung blocker. To prevent the 1st crystal from blocking the 

outgoing beam at large Bragg angle, the crystal length along the beam direction 

should be determined by the following equation, 

2
sin

2
maxmin

beamhL
h    ,      (15) 

where

 

hmin : the minimum offset required without blocking the beam 

L : crystal length along the beam direction 

hbeam : vertical size of the incident beam 

 

For 25 mm offset, the maximum allowed length of the 2nd crystal along the 

beam direction is 140 mm, above which the crystal starts to block the incident 

beam. 

Since the first crystal of DCM is the first optical element from the upstream 

diamond/Be windows, it receives the largest heat load per unit area. We adopt 

liquid N2 cooling system for the crystal in order to maintain optimal performance. 

The thickness of crystal is also optimized by considering the mechanical stability 

of mounting structure. The crystal size thus determined is 60 × 40 × 40 mm3 (L × 

W × T). The parameters of DCM are shown in Table 4. 
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Table 4. Parameters of DCM[4] 

Parameters 
Energy, keV 

5.7 12.65 15.5 20 

Wavelength, Å   2.1751 0.9801 0.7999 0.6199 

Bragg angle θB , deg  20.2940 8.9912 7.3278 5.6729 

Energy resolution 

Rocking (Darwin) width, μrad  49.1824 21.0442 17.1034 13.2116 

Bandpass due to source size  1.46×10-6 3.25×10-6 3.96×10-6 5.09×10-6 

Bandpass due to entrance slits 6.76×10-5 1.58×10-4 1.94×10-4 2.52×10-4 

Resolution of the DCM  1.49×10-4 2.07×10-4 2.36×10-4 2.85×10-4 

Resolving power  6702 4841 4245 3512 

Crystal size and position 

Vertical offset between incoming 

and outgoing beams, h, mm  
25 

Maximum beam footprint                                                                                                   

(a) transverse to the beam, mm                               

(b) along the beam, mm 

2.04   

6.29 

Maximum length of crystals at no 

beam shadowing, mm 
140 

   

 

5.  Optical Layout 

5.1  Optical Elements 

The optical elements discussed in the above sections are shown in the layout in 

Fig. 9. Following the IU22 source, a fixed primary aperture in the front end section 

defines the light path and blocks excess heat load from the source. Downstream 

from the shielding wall, a 200 μm thick, water-cooled diamond filter and a 250 μm 

water-cooled Be window cut off low energy photons (not shown in Fig. 9). A set of 

vertical and horizontal slits (Slits 1) defines the beam size before the beam enters 

DCM at 24.5 m. Downstream of the DCM, one K-B mirror set focuses the 
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monochromatized beam, with VFM at 27 m and HFM at 29.85 m, to the focal point 

at 35 m. Slits 2 and Slits 3 are used to cut scattering light. 

 

 

Fig. 9. Optical layout of the μ-PX beamline. 

 

Four sets of beam position monitor (BPM) (not shown in Fig. 9) will be 

installed to monitor the size and position of photon beam and to diagnose stability 

issues associated with the source or mechanical origin. One BPM upstream of DCM 

is water cooled, and two BPMs are located upstream and downstream of the VFM. A 

quadrant BPM (QBPM) is installed at the downstream of the HFM to provide real 

time monitoring of the beam before it enters the end station. Between beamline and 

end station there is a 250 μm Be window to isolate the beamline vacuum, with He 

flushing to prevent oxidation of the Be window. Other beamline components include 

Bremsstrahlung blocker, photon shutter, and screens. The layout of the beamline and 

end station on the experimental floor is shown in Fig. 10. The hutch next to the end 

station will be used for data acquisition and sample preparation. Fig. 11 is a 

preliminary mechanical drawing of the beamline and end station, for which the 

detailed mechanical design will be described in a separate report.  
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Fig. 10. Layout of the μ-PX beamline and end station on the experimental floor. 

 

 

Fig. 11. Preliminary mechanical drawing of the beamline and end station. 

 

6.  Expected Performance 

6.1  Photon Flux 

The total flux as a function of photon energy at the focal point with 500 mA 

ring current is calculated for both high flux density mode and low divergence mode, 

as shown in Fig. 12(a) and 12(b), respectively. In high flux density mode, the flux 

through a 50 μm pinhole positioned 10 cm before the focal point is above 1012 phs/s 

in the energy range 5.7-15.5 keV, and above 1010 phs/s through a 5 μm pinhole. The 

flux in the lower energy range 5.7-8 keV is slightly reduced by absorption by the 

diamond film. The flux in the higher energy range up to 20 keV is extended by the 

Rh/Pt coating of K-B mirrors, as discussed in Sec. 4.3.3, but it is still limited by the 
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grazing angle of mirrors. The flux in the energy range 11-13 keV falls in the 5th 

harmonic and is characterized a smoothly descending curve with relatively small 

change in intensity, which is very important to the energy scanning experiments to 

be performed by the end station users. The flux in low divergence mode has similar 

trends as in high flux density mode, but with lower intensity due to limited 

horizontal divergence. 
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Fig. 12. The calculated flux as a function of photon energy for (a) high flux density 

mode and (b) low divergence mode. 
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6.2  Energy Resolution 

The total energy resolution (E/E) and each resolution component calculated by 

Eq. 13 are shown in Fig. 13. The contribution from source size is negligible, with 

dominating terms from the Darwin width of Si(111) and the accepted angular 

divergence. The resolution is optimized at 12.65 keV with a value of 2.07 × 10 -4, 

which will meet users' requirement. 
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Fig. 13. The total energy resolution and each contributing term as a function of 

energy. 

 

6.3  Attenuation of High Order Harmonics 

The high-order harmonics (n=3, 5, 7...) that pass through DCM under Bragg 

condition can be adequately attenuated to below 0.1 % by choosing the grazing 

angle and coating of the focusing mirrors. For Si(111) the 3rd harmonic is the 

strongest one. This can be estimated by, 
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where 

F : photon flux after Slits 1 

N: percentage of rays that satisfy the Bragg angle and pass through 

diamond filter and Be window  

R : reflectivity of mirror at the specified energy 

 

The result shows that at 4.2 mrad the high-order harmonics are attenuated to 

0.06 %, which meets the requirement of 0.1 %. 

 

7.  Heat Load Analysis 

The high flux density and the accompanying high heat load from undulator IU22 

necessitate a comprehensive heat load analysis of the beamline optics and effective 

mechanical and cooling design to ensure stable performance. The TPS ring will run at 

500 mA and we add 20 % safety margin to run IU22 at 5 mm gap (equivalent to k = 

1.85) for the design of this beamline. The total power emitted from IU22 is given by, 

   LIBEPT

2

0

2633.0        (17) 

where 

E :  electron energy of the storage ring (GeV) 

B0 : peak magnetic field (T) 

L : magnet length 

I : storage ring current 

The total power and power density from IU22 in three stages of setting are listed 

in Table 5. The three stages are, the primary stage with 7 mm gap and 500 mA ring 
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current, the second stage with 5 mm and 500 mA, and the "worst case" with 5 mm and 

600 mA. The power density distribution at the second stage is shown in Fig. 14 

Table 5. Total power and power density from IU22 under three stages of setting. In 

the “worst case” ring current is 600 mA, 20 % higher than the 500 mA of TPS. 

Stage Gap 

(mm) 

Max. 

k 

B0 

(T) 

Total power 

(kW) 

Power density 

(kW/mrad2) 

Primary stage 7 1.48 0.72 3 28.2 

Second stage 5 1.85 0.9 4.7 35.6 

Worst case 5 1.85 0.9 5.6 42.7 

 

 

Fig. 14. The flux density distribution of IU22 under the second stage condition in 

Table 5. 

 

As can be seen in Table 5, IU22 outputs 5.6 kW in the “worst case” scenario. For 

the high flux density mode, most of the power is absorbed by a water-cooled aperture 

with opening of 83 × 25 µrad (H×V) at 18 m in the front end, such that the 

water-cooled Slits 1 outside the shielding wall (see Fig. 9) receives much less heat 

load. The power of photon beam after Slits 1 is 87.3 W. 

To protect the ring vacuum from beamline vacuum accidents, a hard X-ray 
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beamline usually employs metal windows such as Be window to separate the 

beamline vacuum from the ring vacuum. In the case of high power undulator, an 

additional filter upstream of this window is necessary to reduce the heat load and to 

maintain the structural stability of the metal window. We choose diamond for the 

pre-filter for its high thermal conductivity. The optical and thermal properties of 

diamond and Be films are discussed below. 
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Fig. 15. The X-ray transmission of diamond and Be as a function of energy at 

different thickness. 

  

The X-ray transmission curves of diamond (ρ=3.515 g/cm3) and beryllium 

(ρ=1.848 g/cm3) are shown in Fig. 15. The criterion for choosing the thickness is to 

maintain usable transmission at the lower energy end to about 2 Ǻ. Thermal and 

mechanical analysis (see below) are performed to show that 200 μm diamond filter 

and 250 μm Be window provides good mechanical and thermal stability. 

For the “worst case” in Table 5, the power output after Slits 1 is 87.3 W, which is 

deposited on the diamond filter and then the Be window. The result of analysis by 

COSMOS under this condition is summarized in Table 6. The thermal stress is within 

the safety margin. Fig. 16 and Fig. 17 show the temperature and thermal stress 
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distribution of diamond and Be, respectively, using COSMOS analysis. 

 

Table 6. The temperature and thermal stress of diamond filter and Be window in the 

"worst case". 

Parameter 
Diamond filter 

(200 μm) 

Beryllium window 

(250 μm) 

Location (m) 21.9 22.2 

Footprint (mm
2
, H × V) 1.82 × 0.55 1.84 × 0.55 

Absorbed Power (W) 37.7 2 

Avg. Power Density (W/mm
2
) 67.5 3.4 

Max. temperature（K） 385 316 

Thermal Stress (MPa) 190 32 

Acceptable thermal stress (MPa) 1200 270 

 

   

Fig. 16. The temperature (left) and thermal stress (right) distribution of diamond filter 

in the "worst case". 

 

    

Fig. 17. The temperature (left) and thermal stress (right) distribution of Be window in 

the "worst case". 
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Si(111) is used for the double crystal monochromator and the first crystal has to 

withstand the intense white light beam. The flux density is even higher for high 

incidence angles. Side-cooling by liquid nitrogen is thus used for the crystals to 

maintain stability. Our calculation shows that after the Be window, 47.6 W of power is 

absorbed by the first crystal of the DCM within a footprint of 1.33 × 2.0 mm when 

tuning to 4.3 keV with a maximum temperature of 114 K, as shown in the results of 

COSMOS analysis in Table 7. The temperature distribution of the crystal is shown in 

Fig. 18, and the slope error on the crystal surface is shown in Fig. 19. 

 

Table 7. Thermal parameters of the 1st crystal in the "worst case" 

Parameter 1st crystal 

Location (m) 24.5 

Crystal dimension (mm3 , L × W× T) 60 × 40 × 40 

Footprint (mm
2
, L × W) at 4.3 keV 1.33 × 2.0 

Absorbed Power (W) 47.6 

Avg. Power Density (W/mm
2
) 18 

Max. temperature（K） 114 

Slope deviation (μrad) ± 3.13 

 

 

Fig. 18. The temperature distribution of crystal in the "worst case". 
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Fig. 19. The slope error on the crystal surface for the condition in Fig. 18. 

 

8.  End Station Overview 

Due to the growing demand for beamtime at synchrotron around the world, it is 

necessary to not only build new beamlines but also increase the efficiency for users to 

perform their experiments. 

Technology for protein crystallography has matured over the past 10 years and 

all the procedures during the experiment could be controlled automatically with 

minimal or even no human interventions. This both increases the throughput of the 

facility and extends the availability of this technique to a wider audience. For difficult 

research, manual control is still required. The end station will be designed to be fully 

automatic for routine data collection, and can be switched to manual control on 

demand. Both remote and local control will be available. In order to incorporate both 

automatic and manual controls, there will be enough room for the users to work in the 

hutch comfortably. Sophisticated equipments will be protected from the users’ reach. 

The instrumentation will include a fast, high-precision goniometer, a 

state-of-the-art X-ray area detector, a stable alignment table, and a high-speed 

networking and computing system. User-friendly control software will be provided to 
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the users so that users can focus on their research without putting too much effort on 

accommodating control software. Fig. 20 shows an overview of the end station which 

includes the following hardware components: 

 Diffractometer front end module 

 Energy resolving fluorescence detector 

 Micro-diffractometer (MD2) with a mini-kappa head 

 Automatic sample changer (SSRL SAM system) 

 Sample cryo-cooler (Oxford Cryojet) with auto-fill system 

 CCD X-ray area detector (Rayonix MX series) 

 Detector positioning system and alignment table with granite 

CCD X-ray area detector

Automatic sample changer

Diffractometer

Diffractometer

front end

Sample 

cryo-cooler

Alignment table

CCD X-ray area detector

Automatic sample changer

Diffractometer

Diffractometer

front end

Sample 

cryo-cooler

Alignment table

 

Fig. 20. End station overview 
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The specifications of main end station components are: 

 Sample to detector distance can be varied from 85 to 800 mm. 

 An offset of -100 ~ 400 mm along the vertical direction is needed for the area 

detector. 

 Travel ranges for the alignment table are ±50 mm along both horizontal and 

vertical directions, and ±2 for both pitch and yaw motions. 

 Travel ranges of the goniometer are unlimited for both spindle and kappa axes, ±5 

mm for X and Y translations, ±10 mm for Z translation. 

The top view of the end station is shown in Fig. 21, the side view is shown in 

Fig. 22, and the front view is shown in Fig. 23. 

Detector positioning system
800 mm

Alignment table with 
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Dewar tank

Automatic 
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Cryo-cooler Nozzle
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Diffractometer front end
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Detector positioning system
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sample 
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Cryo-cooler Nozzle
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Diffractometer front end

+/- 2

 

Fig. 21. Top view of the setup of the biological crystallography end station 
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Fig. 22. Side view of the biological crystallography end station 
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Fig. 23. Front view of the biological crystallography end station 
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8.1  Automation 

Automation of the end station includes the following steps: 

1. Adjustment of beamline and alignment table over different wavelengths will be 

automated, as well as the optimization of the beam intensity. 

2. Crystal mounting and dismounting is automated. There are several advantages 

for using a robotic system. First, it saves a lot of time and thus increases the 

efficiency of the facility. Especially for the users with a lot of unscreened crystals, 

the automatic sample changer reduces the screening time. Second, it prevents the 

risk of improper manual transfer of the crystals from the cryogenic storage to the 

diffractometer head and vice versa. Therefore, it limits the chance of ice 

formation and unwilling annealing. Third, it can prevent equipment damage that 

may result in a waste of beamtime. The environments around the goniometer 

head is complicated and delicate where accidental damage of those equipments 

by inexperienced users could happen. Automation of crystal sample changer can 

prevent that from happening. Since we already have a lot of experiences with 

SAM [5] system, we will continue to use it on this end station. 

3. Crystal centering will be automated to incorporate with robotic system for crystal 

mounting. A loop-based centering will be used to center the loop, and then a 

diffraction-based centering using X-ray will be used to center the crystal properly. 

As a last resort, users could click-center the crystal if the automation failed. 

4. Data collection strategy automation can be achieved with software such as BEST 

[6] and RADDOSE [7]. Using scripts, test images will be input to the software, 

and the data collection strategy will be sent to the data collection software to 

collect data automatically. 
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8.2  The Diffractometer Front End 

The diffractometer front end is the first component of the whole end station 

setup. It consists of two sets of XY slits for table alignment, three ion chambers to 

monitor the beam intensity, a filter set to attenuate the beam intensity, and a fast 

shutter to control the exposure time on a crystal. Additional components, such as a 

guard shield to minimize air scattering, will be included in the micro-diffractometer. 

A helium flying path to minimize air absorption is necessary if longer wavelength is 

used. 

The diffractometer front end is a modular design and requires no additional 

window. Metal foils, such as Se and Cu, will be included in the filter set for photon 

energy calibration. The slit system and final guard shield are motorized and can be 

easily controlled to match the beam size to the sample size. 

The diffractometer front end as shown in Fig. 24 includes the following 

components: 

 A fast shutter to control the exposure time 

 Two XY slit sets for table alignment 

 Three ion chambers to monitor the beam intensity 

 A filter set to attenuate the beam 

 Foils such as Se and Cu will be put in the filter set for energy calibration 
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Fig. 24. The layout of the diffractometer front end module. The guard shield is 

included in the micro-diffractometer. 

 

8.3  Goniostat and Diffractometer 

Alignment of crystal sample to the defined beam is more difficult for small 

samples on micro beam beamline. Therefore, the microdiffractometer should be able 

to provide clear video images of very small samples and X-ray beam at the same 

time. Based on the video images of the sample, it should automatically move the 

sample to the rotation axis center (sample centering), then by the video image of 

X-ray beam, it can automatically move rotation axis to the X-ray beam center 

(sample alignment). 

To increase the signal to noise ratio of the data, one usually matches the beam 

size to the sample size. During the diffraction experiment, the sample will be rotated 

as many as 360 degrees to collect a complete data set. It is crucial to keep the sample 

inside the X-ray beam to prevent errors caused by diffracting volume variations. To 

achieve that, the goniostat and the magnetic sample holder should be solid and 

strong. In addition, regarding to the situation of using the smallest beam size to 
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collect sample as small as 5 m, the sphere of error of the single rotation axis should 

be less than 1 m. 

For dealing with spot overlaps caused by long cell axis and incomplete data 

caused by low crystal symmetry, an optional kappa circle should be included in the 

goniostat. The kappa should be automatic and compatible with a sample changer. It 

would be better if the system is integrated with a strategy program that is capable of 

giving suggestions for suitable kappa angles. 

The micro-diffractometer (MD2) designed, manufactured, and delivered by 

EMBL/ESRF MAATEL is an adequate solution. 

 

8.4  Alignment Table 

An alignment table not only matches the incident beam to the defining slits to 

achieve maximum intensity but also provides strong support for everything above it 

to stay in accurate positions during experiment. Thus, the alignment table should 

include a granite main stage to minimize vibrations, especially for the sample 

position. In addition, due to the small deformation of granite, the beam position will 

remain the same irrespective of detector movement on the table. 

The detector could either be sitting on the same table as the diffractometer, or 

on a separated supporting device, such as an A-frame design. Since the metal has 

very good ductility, the deformation will be large when detector is moving on the 

A-frame. The direst result is a changing direct beam position on the detector surface 

with respect to sample-to-detector distance, causing problems when we try to 

process the diffraction data. If the detector is on the same stage as the diffractometer, 

the granite main stage will be able to minimize the deformation on the sample 
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position, owing to its poor ductility and malleability. Another advantage of this 

design is that the alignment of end station is easier once everything on the table has 

been pre-aligned. 

 

8.5  Detector 

In order to solve a three-dimensional structure, data has to be measured with a 

certain number of degrees of rotation around one axis. In general, frames of 0.1 to 

1.5 degrees are taken, with exposure time of a few seconds. Depending on the cell 

parameters, space group of the crystal, and the purposes of the experiments (e.g. 

multi-wavelength anomalous dispersive diffraction with collection of Friedel mates), 

many degrees of data rotating around an axis must be collected, typically between 

30 and 180 degrees. 

Taking into account the kind of samples to be measured in the proposed 

beamline, the requirements for a detector will be high readout speed, a large 

detecting area, and low background/readout noise. High readout speed permits 

collection of complete datasets in as short time as possible and a fast, more versatile 

data acquisition; a large detecting area allows data to be collected at higher 

resolution with good spatial resolution; low background/readout noises make data as 

precise as possible for posterior integration. 

Currently and practically, all protein crystallography beamlines operate with 

CCD-technology based detectors of large area, such as ADSC Quantum series or 

Rayonix MX series. Pixel array detectors, such as Pilatus from Dectris, and flat 

panel detectors are also good candidates to be considered. 
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8.6  Fluorescence Detector 

The beamline must provide a fluorescence detector. This is required to 

accurately determine the absorption edge of metals during experiments to measure 

anomalous diffraction for SAD or MAD phasing. For compatibility with a sample 

changer, the device should be able to move to or away from the sample 

automatically. This requires a careful design of the immediate surroundings of the 

sample. The detector must be able to scan around the theoretical absorption edges of 

the elements intended to be employed for phasing strategies and cover the same 

range of wavelengths as the beamline. Currently, commercially available detectors 

include EURISYS detector and Rontec Silicon Drift Diode detector. 

 

8.7  Cryogenic System 

Crystals of biological macromolecules at room temperature are sensitive to 

X-rays and frequently suffered from radiation damage, especially in highly intense 

synchrotron beamlines. Performing experiments at cryogenic temperatures greatly 

reduces radiation damage and thus produces diffraction data with higher quality. 

Radiation damage of protein crystals appears to be related to the formation of 

free radicals. Performing diffraction experiments on protein crystals cooled to near 

liquid-N2 temperature leads to significant reduction in radiation damage. In a typical 

experimental setup of diffraction experiment at cryogenic temperature, a crystal is 

mounted in a thin nylon fiber loop and cooled rapidly, either in a cold gas stream, or 

by immersion in a cryogen such as liquid nitrogen. The temperature of the crystal is 

maintained by a stream of nitrogen gas during the diffraction measurement. To avoid 
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the formation of ice around the crystal, the nitrogen stream is shielded against 

humidity by a coaxial stream of warm dry nitrogen gas. A cryo-shutter will be 

designed to avoid ice formation during flash frozen of crystals using cold nitrogen 

gas stream. This cryo-shutter can be controlled manually and automatically to 

incorporate sample annealing capabilities. 

In some cases, radiation damage could be further reduced by even lower 

cryogenic temperature [8, 9]. It is beneficial to go to lower cryogenic temperature 

for high-resolution data collection. At longer wavelengths, the option of delivering 

He will be essential if the sample is to be enclosed in a He-filled low-absorption 

chamber. Thus, cryostats capable of delivering N2 and He onto the sample will be 

required. 

A humidity control chamber device, now commercially available, would be a 

handy equipment to users for determining optimal diffraction conditions prior to 

cryo-cooling. 

 

8.8  Computing System 

The computer system to control detector and data collection, as well as to take 

care of the massive amount of data produced, will be a state-of-the-art system with 

commensurate enhancements of all data acquisition software with large data storage 

capacity in terabytes. Mechanisms for rapid transfer of measured data to portable 

storage devices by users must be provided, too. Backup through Firewire and USB 

disks should be available. 

The beamline should also have facilities to allow data processing and analysis. 

Support facilities for data processing (including data backup) is desirable after 



43 

scheduled user session has finished (i.e. while others are using the beamline). This 

could be achieved via a central facility or by the provision of sufficient 

computational facilities at the beamline. 

In conclusion, the computing system should include a fast networking system, a 

cluster of servers for computing and services, a large capacity storage, and high-end 

workstations for data collection, data processing, phasing, and structure 

determination. 

 

8.9  Software 

The data acquisition software BLU-ICE [10] is a flexible and easy to use 

graphical user interface to the beamline hardware, and DCSS [10] was developed 

with a goal to handle diverse hardware systems in a uniform way. Both software was 

developed at SSRL and has been adapted to BL-13B1 and BL-13C1 at NSRRC. For 

remote control, WebIce [11] and NX Server will be installed on site. Labelit, BEST 

and RADDOSE will be used to calculate data collection strategy once test images 

have been acquired by the users. For MAD/SAD, CHOOCH/autoCHOOCH will be 

used to obtain f’ and f’’ values. The only software users need to install is NX Client, 

which is free and available on internet. 

For data processing, scaling and merging, HKL2000 (Denzo/Scalepack) and 

iMOSFLM will be available to users. 

For phasing and refinement, the following software (and others, if available) 

will be available: CCP4, Solve/Resolve, SHELX, SHARP/autoSHARP, ARP/wARP, 

CNS, and PHENIX. 

For model building and publication, COOT, MolScript, PyMOL, RasMOL, and 
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XtalView will be provided. 

 

8.10  Ancillary Laboratory 

Support facilities to allow sample storage, inspection and manipulation are 

absolutely necessary for protein crystallography beamline. This includes provision 

of basic equipments, such as stereo-microscopes with polarizing lenses, crystal 

mounting and manipulation tools, liquid N2 dewars for temporary storage of samples, 

pipettes, glassware, etc. Most important of all is the incubators, which usually set to 

20C and 4C for users carrying fresh crystals. This could preserve those 

temperature sensitive crystal samples before data collection 

 

9.  Personnel 

A beamline should provide service for users traveling to the synchrotron to 

perform diffraction experiments and to users who choose to send their samples 

adequately prepared to be handled by synchrotron staff (“FedEx crystallography”). 

Taking into account the development within the field, it is conceivable that the latter 

choice will become more popular, in particular for pharmaceutical companies working 

on structure based drug design. Accordingly, both kinds of approaches should be 

made available: one for experienced scientists with particularly difficult projects and 

the other for pharmaceutical companies that will provide additional funding for 

maintenance of the synchrotron. 

The beamline must be operated by responsible staff scientists who are 

professionals with a potent background in the mechanical and optical aspects of the 

beamline as well as in macromolecular single-crystal diffraction data collection and 
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processing. Two or three staff scientists with Ph.D. degrees in related disciplines 

would be the main people in charge, and three to four junior scientists for user 

training and user support. It must be taken into account that allocated beamtime runs 

24 hours per day and 6 days per week during the periods of full operation of a 

synchrotron. Accordingly, there should be enough number of staff in charge of 

supporting users or performing “FedEx crystallography” tasks. During the 

maintenance period of the storage ring, these scientists will be responsible for 

maintenance, improvement and development of the beamline. When there is extra 

beamtime available, they can even carry out their own diffraction experiments. 

In addition, a technical engineer (taking care of the optics and mechanics) and 

one or two technicians are necessary to assist in the tasks related to user support, 

provision of the necessary consumables to furnish an ancillary user lab and lab 

maintenance. The assistance of an additional System Manager to take care of the 

computing and networking will also be a must. 
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