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中文摘要： 

蛋白質結晶學是鑑定生物分子三度空間結構的最有力工具之一，配合同步

輻射光的高亮度及能量可調性，可以大幅提昇生物分子的結構鑑定速度，足

以滿足基因體學及藥物設計等需要大量分子結構資料等研究的需求。為此，

國家同步輻射研究中心特別興建兩座高效能蛋白質結晶學光束線，其中一座

為針對未知蛋白質結構解析用途，能量範圍從 6.5 到 19 仟電子伏特 (KeV) 之

多沒長異常繞射(MAD)光束線，另一座為供晶體篩選、藥物設計以及高解析

度結構分析用，能量為 12 到 14 仟電子伏特 (KeV) 之單色光(Mono)光束線。

使用最成熟可靠的光束線技術，配備最先進的面積偵測器系統，高速高效能

的計算及網路環境，自動化的樣本裝御系統，及友善的數據收集與控制系統，

MAD光束線一年約可收集 800組MAD數據，Mono光束線一年約可收集 1200

組高解析度數據。整個設施包括一座超導多極增頻磁鐵，光束線前端區，兩

座光束線，以及兩座蛋白質結晶學實驗站。設施建造需時三年四個月，預計

2005 年 9 月開放使用，建造進度皆依計畫時程順利進行中。 

關鍵字： 基因體研究、同步輻射、蛋白質結晶學、多沒長異常繞射 
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Abstract in English: 

Protein crystallography is one of the most powerful and dominant tools to 
determine the three-dimensional structures of biological macromolecules today.  In 
order to increased the rate of crystal structure determinations, the highly brilliant and 
easily tunable synchrotron radiation (SR) X-ray source is essential to meet the needs 
of abound structural information for studying structural genomics and structural-based 
drug designs.  Thus, the National Synchrotron Radiation Research Center (NSRRC) 
is constructing two dedicated high-throughput Synchrotron Radiation Protein 
Crystallography Facility (SPXF) beamlines for structural genomics research. One will 
be a Multi-wavelength Anomalous Diffraction (MAD) beamline with energy 
tunability from 6.5 keV to 19 keV for unknown structure determinations, and the other 
will be a monochromatic (Mono) beamline with energy from 12 keV to 14 keV for 
crystal screening, drug design and high-resolution structure studies. The 
well-developed light source technique, advanced area detectors, high-efficient 
computing and network environments, automatic crystal sample changing and 
centering, and friendly data collection and control systems will produce 800 MAD 
data set per year for MAD beamline and 1200 useful data sets per year for Mono 
beamline. This core facility includes one Superconducting Multi-Pole Wiggler 
(SMPW), one beamline front end, two SPXF beamlines, and two SPX end stations. 
The SPXF facility is anticipated to open for users on September of 2005 after 
three-year construction. The whole construction is well on the planned schedule, and 
is progressing very smoothly. 

 

Key Words: Protein crystallography, synchrotron radiation, Multi-wavelength Anomalous Diffraction 

(MAD) 
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Objectives and Specific Aims 

The objective of this proposal is to design and construct a world-class Synchrotron 

Radiation Protein Crystallography Facility (SPXF) at the National Synchrotron Radiation 

Research Center (NSRRC) as the X-ray core facility for the National Research Program for 

Genomics Medicine (NRPGM). These beamlines will provide high throughput X-ray 

crystallography data collection, structure determination, and structure refinement. In general, the 

MAD beam line is capable of collecting 800 useful MAD data sets per year, and the Mono beam 

line is capable of collecting 1200 useful high resolution data sets per year. Assuming 20% success 

rate to determine a new structure from the useful MAD date sets, there will be 160 new protein 

structures solved per year. That means a ten times improvement of throughput compared with 

current status. The establishment of such beamlines will open up new opportunities for scientific 

research on structural genomics and proteomics. The specific aims of this proposal includes： 

• The design and construction of two high-throughput SPXF beamlines. 

• The development and construction of the intelligent robotics system for rapid, high-quality 
diffraction data collection. 

• The implementation of the robust software for automated crystal characterization, strategy 
evaluation, data collection and analysis in a sustained production mode. 

• The development of new high-throughput pipelines for phasing and structure determination. 
 

Background and Significant 

Structural genomics studies the protein structure-function relationship by determining 

three-dimensional structures transcribed from the corresponding primary DNA sequences 

information using X-ray crystallography and NMR (Nuclear Magnetic Resonance) methods.  

Although NMR yields valuable structural information on a variety of systems, X-ray 

crystallography remains the most important and productive tool in the study of structural 

molecular biology for large bio-molecules. However, the research and development on structural 

genomics and drug design require tremendous structural information derived from the diffraction 

data collection and processing, which is too time-consuming using traditional X-ray sources. 

Thanks to the recent development in synchrotron radiation related techniques, such as the high 

brilliant and stable hard X-ray, large-area CCD (Charge Coupled Device) detectors, rapid data 

collection and processing methods, the newly developed Multi-wavelength Anomalous Diffraction 

(MAD) and Single-wavelength Anomalous Diffraction (SAD) phasing methods, as well as the 

much improved computing and storage capacity. Currently, it is possible to determine a 

three-dimensional protein structure in the time frame of one day. The third-generation NSRRC 

light source has been operated formore than ten years and can be further developed into a 

world-class X-ray source for structural biology study. The construction of the two high-throughput 

protein crystallography beamlines at NSRRC is indispensable for the structural biology research in 

Taiwan. 

The construction of the SPX beamlines at NSRRC will consist of five construction modules. 



 2 

(1) Superconducting Multi-Pole Wiggler (SMPW) Magnet Module: A novel 

superconducting multi-pole wiggler magnet will be designed and installed in the straight section 

of the NSRRC storage ring.  The brilliance of the SMPW is comparable to those of the bending 

magnet source of the high-energy synchrotron facilities, such as ESRF, APS, and SPring-8, as well 

as to that of the superconducting bending magnet source of ALS.  

(2) Beamline Module: Two high throughput biological SPXF beamlines will be designed 

and constructed.  One will be a MAD beamline with energy tunablity from 6.5 KeV to 19 KeV, 

and the other will be a Mono beamline with energy fixed at 12.4, 12.7, and 13.5 KeV for screening 

and high-resolution study. 

(3) Experimental Station Module: Two biological crystallography experimental stations 

will be designed and constructed.  These stations will be equipped with the state-of-the-art 

hardware, such as large-and-fast CCD detectors, high-precision goniometer, advanced LAN-free, 

file-shared SAN computer architecture, and intelligent robotic system for automatic crystal 

mounting and centering.  

(4) Data Collection and Processing Module: Crystals will be mounted in a small loop 

directly from the crystallization solution and will be flash-frozen in liquid nitrogen at 100K. 

Automatic diffraction experimental procedures, including automatic crystal mounting, centering, 

and wavelength tuning, will be provided at the SPXF beamlines for data collection.  For data 

indexing, integration, and scaling, the HKL/HKL2000 suite or other crystallography software, 

such as MOSFLM, DPS, d*TREK and CCP4, will be implemented.  Intelligent robotic systems 

for rapid, high-quality diffraction data collection will also be developed and implemented. 

(5) Structure Determination and Refinement Module: The multiple isomorphous 

replacement (MIR), MAD and molecular replacement (MR) and the recently developed single 

anomalous diffraction/ isomorphous replacement (SAD/SIR) method will be the major 

crystallographic tools for determining the phases of macromolecular crystal structures nowadays.  

The high-throughput pipeline for phasing and structure determination will be developed. 

At NSRRC, a good number of scientists and engineers of diverse expertise and extensive 

experience are currently involved in the design and construction of projects such as 

super-conducting multi-pole wiggler, high-throughput beamlines, biological crystallography 

stations, and automatic experimental procedures.  The NSRRC has the resource and expertise to 

carry out the construction of these Synchrotron Radiation Protein Crystallography beamlines. 

 

Results and Conclusion 

The heart of the SPXF comprises beamlines and crystallography stations. To provide a 

world-competitive MAD capability, beamlines have been built on a high-field (3.2 T) 

superconducting magnet, multi-pole (28 effective poles) wiggler (SW6, see Fig. 1) that can 

illuminate up to three beamlines for simultaneous use. This field increases the critical energy from 

2.14 keV for a 1.25 T normal conducting magnet to 4.82 keV. The 28 poles device, of period 60 mm, 

is capable to provide an intense X-ray beam up to 19 keV, with a flux in excess of 1015 

photons/s/0.1%BW/mm2 over the whole energy range of the SW6. The brilliance of this insertion 
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device is almost equal to the third-generation high-energy synchrotron X-ray source (see Fig. 2). 

 
Fig. 1 The 3.2 T, 28 poles superconducting wiggler SW6 

 

  

Fig. 2 Source spectrum of the superconducting multi-pole wiggler (SW6) in NSRRC 
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Three carefully designed beam lines are built as shown in Fig. 3 with the following features: (1) 

Full remote control, (2) full system monitoring and diagnostics, and (3) stable and reproducible 

optics producing high-intensity beams over long wavelength range. The central beamline (BL13B) 

operates over the energy range from 6.5 keV to 19 keV (1.92 angstrom to 0.65 angstrom). 

Optimized for MAD experiments, it is also suitable for monochromatic crystallography. The 

principal components of the beamline include a front end (Fig. 4), vertically collimating premirror, 

double-crystal silicon (111) monochromator with a fixed-height exit beam, and toroidal focusing 

mirror. The end station (BL13B1) is equipped with a state-of-the-art ADSC Quantum315 CCD area 

detector for fast readout (< 2 sec) with motorized distance and both vertical and horizontal 

translation mount, a high precision Huber single-phi axis goniometer, a Rigaku/MSC XStream 2000 

sample cooling system (~100 K), a robotic sample changer for automatically sample mounting and 

centering, two dual-head SGI Octane2 workstations, high speed data network (100MB/sec) with 

large data storage capacity (2TB), user-friendly data acquisition software (BLU-ICE)., and powerful 

data processing software (HKL2000), and are used to collect single crystal diffraction data in 

high-throughput mode as shown in Fig. 5 and Fig 6. Two additional fixed-energy beamlines 

(BL13C and BL13A) for monochromatic crystallography at 12.4 keV (1.0 angstrom), 12.7 (above 

Se-edge), and 13.5 keV (above Br-edge) are under commissioning. The principal components of 

these beamlines include a front end, vertically focusing mirror, horizontally focusing, single crystal 

silicon (111) monochromator. Like the central station, these side stations (BL13C1 and BL13A1) 

are equipped with similar instruments for high throughput crystallography. 

 
Fig. 3 Layout of the three high-throughput protein crystallography beamlines 
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Fig. 4 Layout of the beamline front end 

 

 

 

Fig. 5 3D CAD design of the experimental station 
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Fig. 6 Infrastructure of the high-speed data network and computing environment 

 

The performance of BL13B MAD beamline is simply described here. The energy range of 

BL13B is from 6.5 keV to 19 keV. This range will cover most absorption edges of the heavy atoms 

commonly used in protein crystallography (for example, Fe, Zn, Se, Br, Ho, Pt, Au, Hg, and U). The 

energy is tunable and has an excellent energy resolution around 2.2 x10-4 (see Fig. 7), therefore it 

benefits the phasing studies of the macromolecular crystals by using MAD methods. The focused 

spot sizes at 12.6 keV were measured to be 650 μm x 300μm FWHM (h x v) (see Fig. 8), similar 

with the values calculated by ray tracing. The total flux measured at focus position without any 

aperture is shown in Fig.9. At 12.4 keV, the measured total flux is almost equal to the calculated 

valued. Protein crystallography experiments require a small beam, which is defined by different size 

of pinhole. The measured flux at focus position through a 200μm aperture is also shown in Fig. 9. 

The useful flux at 12.4 keV is almost 100 times higher than the BL17B, a 25 pole 1.8 T wiggler 

MAD beamline, and 10 times higher than the BL12B, a bending magnet MAD Taiwan beamline 

built in Spring-8 at Japan.  

 
Fig. 7 Energy resolution measurement of BL13B 
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Fig. 8 Spot size measured at 12.6 keV 

 
Fig. 9 Total flux measurement and useful flux measured after a 200μm aperture of BL13B 

 

A fast and large area detector is a key instrument for high-throughput crystallography, since it 

can substantially reduce the cycling dead time, and hence minimize the time-dependent effect of the 

radiation damage on the sample, and therefore increase the quality of data collection. To test the 

data quality produced by the ADSC Quantum315 CCD area detector equipped at BL13B, the 

method reported by Z.Dauter, et al. (J. Mol. Biol. (1999) 289, 83-92) for solving structures of 

strongly scattering proteins using the anomalous scattering signal of sulfur was used. A major 

prerequisite for using this method is data of extremely high quality because the δf” term for sulfur 

is only 0.37 electrons and for chlorine is only 0.47 electrons at 10 keV. A data set on hen egg-white 

lysozyme was collected using conventional data collection strategy without any special 

consideration to reduce the effect of radiation damage on Bijovet pair reflections. The data consists 
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of 200 images with frame width 0.5°, and were processed with HKL2000. The maximum resolution 

is 1.4 angstrom, overall Rmerge is 5.0% with an average redundancy of 11.9, <I/σ(I)> of 28.6, and 

χ2 =  1.09. The anomalous difference Fourier map shows significant peaks that correspond to the 

anomalous scatters (S and Cl, see Table 1 and Fig. 10). The position of each sulfur and chlorine is 

clearly marked by a significant peak. Features such as this are not possible unless the data is of the 

highest quality. This result shows the data quality from the ADSC Quantum315 is quite high and the 

detector is well suited for synchrotron usage. 
Atom Peak Height Atom Peak Height 

Met 105 14.22 Cys 127 8.34 
Cys 30 12.55 Cl 204 11.24 
Cys 115 12.07 Cl 201 8.09 
Cys 94 11.73 Cl 202 7.75 
Cys 64 10.77 Cl 205 7.69 
Cys 76 10.76 Cl 203 7.60 
Cys 80 10.35 Cl 206 7.41 
Cys 6 10.15   

Table 1. Peak heights, I/σ(I), for the lysozyme anomalous difference Fourier 

 
Fig. 10 The anomalous difference Fourier map of lysozyme using the coefficients 

∆Fanom,ϕcalc-90° 
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Because of the intensive data collection and reduction of the protein crystallography, a shared 

high-speed data network system will by all means enhance the data acquisition throughput. This 

task is accomplished at the SPXF beamlines by a computing system consisting of six dual CPUs 

Octane2 workstations, four 4-CPUs Origin350 servers, one 8-CPUs Origin3800 computing server, 

two dual CPUs Win2003 servers, and a two terabytes storage disk array, running Clustered Storage 

Area Network (SAN) File System (CXFS) from SGI. The SAN offers the benefits of consolidated 

storage and a high-speed data network, while the CXFS enables true data sharing by allowing all 

SAN-attached system direct access to the same file system. The clustered file system provides data 

access speeds well beyond what is achievable through traditional methods such as NFS and FTP, 

solving data sharing bottlenecks for a broad range of environments. Fig. 6 depicts the schematic 

drawing of the computer architecture at the SPXF. 

With strong synchrotron sources and modern detectors, the data collection time is nill 

compared to routine processes such as sample mounting, crystal centering, and data collection 

parameters determination. To make best use of the beam time, these routine processes should be 

fully automated. By automation we mean that the software and hardware should complete the 

assigned jobs automatically without human intervention. Automatic screening and scoring of a large 

number of crystals and then collect data from the best crystals would let the crystallographers 

concentrate on more important issues. Users will also benefit from the automated data processing 

during an experiment. Users can monitor the data quality, decides whether to collect more data, or 

stop the current experiment. Automation is an essential part of the high-throughput structural 

genomics programs. The protein diffraction group will continuously develop high-throughput 

techniques, such as automated data collection and automated structure determination, to upgrade the 

performance of the SPXF. 

In summary, SPXF is a good facility for high throughput crystallography. Good quality MAD 

diffraction data could be easily collected. Future developments in software and hardware will no 

doubt improve the capability of this facility. 

 

 Two more detailed status reports about the superconducting wiggler, and the high heat load 

front end are attached in the appendix I and II. 
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FINAL REPORT OF THE 3.2 T SUPERCONDUCTING WIGGLER 

 
1. Introduction 

  The NSRRC storage ring has four 6 m long straight sections in which the insertion devices are 
installed. Currently, no extra straight section is used for installing any insertion device. However, R&D 
of superconducting insertion devices, a 3.2 T SW6 with a 6 cm period [1,2], has recently be designed 
and constructed, in response to the growing demand for X-ray research. The SW6 locates at the 
down-stream of the superconducting RF cavity in the fourth straight section and had been installed in 
the storage ring in the middle of January 2004 and test successfully in the end of April 2004. 
 Table 1 lists the main parameters of the SW6 and figure 1 shows the spectrum flux comparison of 
the entire x-ray source in the NSRRC storage ring. The flux of X-rays between 2 and 28 keV from the 
SW6 was larger than that from the other insertion devices. The on-axis magnetic field had been 
measured on the room temperature by the Hall probe. The measured data reveals that the first and 
second integral field is quite consistent with the design value. Magnet testing and commissioning 
results show that there are thirteen quenches to obtain the nominal field of 3.2 T at the excitation of 285 
A. The electron beam pass through SW6 and keep at stable orbit without any trim coil compensation.  

 
Table 1. Parameters of the SW6 magnet. 

Number of full strength pole 28 
Physical length (cm) 140.6 
Magnet period (cm) 6.4 
Magnet total dimension LxWxH within (cm) 135x120x 208 
Horizontal (vertical) aperture of beam duct (cm) 8 (1.1) 
LHe boiling off (l/h) 2.5 
Beam duct temperature (K) 300 - 100 
Peak filed (T) ≥3.2 
Average excitation rate (A/s) ≥0.8 

Deflection parameter K=0.934Bλ ≥ 19.1 
Radiation angle (mrad.) [68% of flux @ 0 mrad & 15 keV] ± 6 [± 3] 
Electron beam size and divergence σx (σy), σ’x (σ’y) (mm),(mrad) 0.46(0.065), 0.044(0.022) 
Photon beam size and divergence σrx (σry), σ’rx (σ’ry)(µm),(mrad) @15 keV 0.01(0.04), 0.86(0.17) 
Photon flux (brilliance) @ 15 keV (0.5A) 6.5x101 3 (1.2x1015) 
Total power (kW) @ 500 mA 6.4 
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Fig.2. 3 D design and the components of the mechanical 
drawing of SW6. 

 
2. Magnet construction and performance 

  The magnet construction includes coils, iron poles, return yokes, quench protection components, 
impregnation with aluminum block, and the cryogenic components of 4.2 K, 80 K, and 300 K, as well 
as the beam duct. The detail description and the construction performance will be described below. 
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2.1 Mechanical construction 
  Figure 2 shows the 3 D design and mechanical drawing of SW6. There are 8 temperature sensors to 
monitor the status of magnet. These sensors are used to execute the safety protection function. The 
temperature sensors of T1-T4 are PT-100 and T5-T8 are Cernox RTDs and the sensor location is shown 
in Fig. 2. T5 is upper magnet temperature and T6, T7 are the temperature of the two arrays of protection 
diodes. T8 is bound on the bottom of the LHe transfer tube to monitor the status of liquid helium filling 
process. This magnet adopts the even-number pole design [1], to minimize the first integral. Poles and 
coils are impregnated with an aluminum block of the up and down magnet array [2], respectively. A 
magnet gap separator made of aluminum bars, maintains a precise gap of 18 mm between the up and 
down magnet array. Figure 3 shows the design of the cross-section aperture of aluminum UHV beam 
duct and 4.2 K stainless steel aperture duct. A thermally shielding special shape aluminum beam duct 
was used to reduce the thermal heating on 4.2 K cold mass. Thus, the 11 mm cold vertical aperture of 
the beam duct with 1.2 mm thickness at magnet center region must be separated from the cold iron pole 
and coil by 18 mm.  

 

 
Fig.3. The cross-section design of the aluminum UHV beam duct and 4.2 K vessel aperture duct. 

 
  There is a 1.2 mm gap between the Al beam duct and 4.2 K duct to prevent the Al beam duct 
touching on 4.2 K aperture duct. Six G10 rods with 1 mm diameter and 5.1 mm length were fixed on 
UHV beam duct. The gap between the rod and the 4.2 K aperture duct is around 0.6 mm. In case the 
two ducts tough each other, only the G10 rods are the touch points. The aluminum beam duct was fixed 
at 4.2 K aperture duct by using a precise 1.2 mm thickness G10 at the both end sides of 4.2 K duct. The 
Al beam duct was thermal intersected at 100 K by two pieces of copper plates connect to the liquid 
nitrogen (LN2) vessel, on both ends out of the 4.2 K vessel. Mechanical checks on the flatness in the 
transverse direction, the pole tilt, the magnet gap, and the variation in the periodic length of magnet in 
the longitudinal position of magnet have been measured and reveals in Fig. 4. The measured data 
indicate that the rms. of periodic length variation is about 20 µm. The maximum magnet gap variation 
in the center region is about 40 µm. The maximum pole tilt is 0.1 mrad. The variation in the electric 
resistivity of the 64 coils is 8.3 ± 0.15 Ω. These data show the construction of the magnet should meet 
the specifications. 
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2.2 Beam duct design 
  The beam duct for the SW6 is made of A6061T5 aluminum alloys (Al), for the benefit of higher 
thermal conductivity and lower radiation emissivity. It has been concerned that the pressure inside the 
cryogenic beam duct will increase due to a re-absorption of the accumulated gas molecules, originally 
resided on the inner surface of chamber, are stimulated desorbed out by the scattered synchrotron light 
when beam duct was cooled to a temperature below 20 K [3]. Since the residual gases are major the H2 
and CO in TLS electron storage ring, the quantity of the molecules be re-absorbed will be small if the 
temperature of the beam duct can be kept above 100 K that H2 and CO won’t be frozen on the surface 
but pumped out.  For an Al beam duct with a lower radiation emissivity, the quantity of the heat load 
crosses through the insulation vacuum from the beam duct to the cold-bore vessel will be reduced that 
results in a least temperature rise on the cold-bore vessel when the beam duct is irradiated by the 
scattered synchrotron light.  So it is designed to keep an enough space as a vacuum insulation barrier 
between the beam duct and the cold-bore vessel that the machining for the beam duct to have a better 
straightness is stringent. 
 The beam duct is made by extrusion method and machined on outside surfaces afterwards to obtain 
a high precision of flatness < 0.2 mm that can be inserted inside the 4.2 K aperture duct without 
touching the 4.2 K duct that is made of SUS304 stainless steel (SS). The CNC-machining is applied on 
the outer surfaces of Al beam duct in an ethanol sprayed environment to prevent from the oil 
contamination.  A stringent chemical cleaning for the beam duct is performed before the TIG welding. 
All the TIG welding on the Al beam duct is done in the clean room that is well controlled on dust and 
humidity. The cold-warm transition tapers, made of stainless steel, are joined with the Al beam duct by 
welding the Al/SS bimetal pieces inside the SW6 and welding the SS-flanges outside the SW6. The 
temperature of the aluminum beam duct with stainless steel taper was designed between 300 K and 100 
K. The length of the temperature gradient, from 80 K to 300 K, on each side of the taper is only ~ 100 
mm which is too short to shield the flow of heat load from room temperature area although a sealed 
vacuum isolate the tapers from the ambient. Thus the temperature measured on the beam duct is ~ 100 
K which is higher than the 80 K. However, no evidence shows any direct contact between the beam duct 
and the cold-bore vessel that the magnetic field can be charged to 3.2 Tesla without problem. Figure 5 
shows the photographs of (a) extruded Al beam duct, (b) one side of Al beam duct joined with taper by 
an Al/SS bimetal, (c) on-site TIG welding for the taper, and (d) the completed beam duct in SW6. 

 

 
Fig.5. Photographs of (a) extruded Al beam duct, (b) Al beam duct joined with taper by an Al/SS bimetal, (c) 
on-site TIG welding for the taper, and (d) the completed beam duct in SW6. 

 
  After the SW6 having been installed in the electron storage ring, the UHV beam duct was 
maintained at room temperature several weeks for beam cleaning that the inner surface of the beam duct 
can be cleaned to a lower yield of PSD prior to cool down. The purpose is to reduce the quantity of the 
molecules that could be absorbed on the cryogenic surface during commissioning. The temperature T1 
of Al beam duct locates at center and T2 and T3 is at the both sides of 80 K thermal intersection. The 
temperature T4 of Al beam duct locates at the up-stream taper. The temperature distribution of the 
whole beam duct is between 300 K and 100 K. When the SW6 has been cooled to 4.2 K of the liquid 
helium temperature, the temperature of the Al beam duct is maintain at 100 K. It is found a temperature 

(a) (b) 

(c) (d) 



 17

rise of about 1 ~ 1.5 K on the beam duct when the electron beam current is accumulated to 200 mA. The 
heat load results in the temperature rise of the beam duct contain two sources coming from the upstream 
taper and from the scattered light on the beam duct. However, there is not any pressure change near the 
SW6 beam duct that addresses to the change of the temperature on the SW6. 
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Fig.6. Field distribution measurement and the electron angle and trajectory calculation 

on the longitudinal axis are analyzed. There is no trim coil compensation. 
 

2.3 Field measurement 
  Several field measuring methods including Hall probe and stretch wire have been developed to 
characterize the quality of the field. When the magnet is assembled and enclosed into the vessel of the 
vacuum shielding and of the LHe and LN2 vessel, the Hall probe [4] is used to measure the field 
distribution of the magnet at room temperature.  A 1 mm thick flat warm duct with an aperture of 57 
mm wide and 5.9 mm high is used to isolate the vacuum from atmosphere. The Hall probe is inserted 
into the flat warm duct to measure the magnetic field at room temperature [4]. Figure 6 shows the 
on-axis field measurement and the distribution of first and second field integral on the longitudinal axis. 
The field distribution without trim coil compensation, the electron beam trajectory simulation based on 
the measured field is closed to the ideal orbit. This means the construction performance is quite 
consistent with the ideal magnet design. 

 
3. Magnet testing with cryogenic system 

  A special LHe transfer line is designed to satisfy the operation during both for the pre-cooling and 
normal auto-filling stages. In the normal filling stage, the PID controllers are two independent systems 
for LHe and LN2, used to perform the automatic liquid filling control. This system can also operate in 
an on/off-filling mode. LHe filling with PID control is used to keep LHe level at 76% and on-off control 
operation mode to maintain LHe level between 65-85%. The magnet has a 200 liters LHe buffer dewar 
and 60 liters LN2 vessel. In case the magnet is quenched, the quench signal will be used to close the 
electro-pneumatic valve of the LHe valve box to stop the filling of LHe. Commission of the SW6 and 
cryogenic system is quite successful.  Figure 7 shows the training records of the SW6.  Magnet 
quench vaporized a maximum 10 liter liquid helium within 15 seconds.  The stored energy of the coil 
is 50 kJ and part of the stored energy is dumped to the flywheel diode.  The diode is cooled partly by 
liquid helium and partly by cold helium gas.  During the training period the cold box and the test 
dewar was isolated from SW6 and the compressor kept running to recover the large amount of helium 
gas from SW6 cryostat.  Consumption more than 60 L/h was required to continuous fill liquid helium 
to the SW6 cryostat and kept a constant level.  Another measurement indicates that the heat load of 
SW6 cryostat consumes liquid helium up to 2.5 l/hr as the magnet excitation current is 285 A.  We 
concluded most of the helium is vaporized to accommodate the heat loss during the helium transfer 
phase.  A total heat loss 30 W is estimated for the control valve box, the multi-channel line, the flexible 
transfer line, and the connectors. 
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Fig.7. (a) and (b) is the relation between the thirteen time quenches and the liquid helium level 

variation of SW6. (c) and (d) is the relation between the liquid helium filling mode in PID 

control or on-off control with respect to the liquid helium level variation of the cryogenic 

system main dewar.   

 
   
   The operating magnet temperature T5 is about 4.3 K. There is a temperature sensor T8 to monitor 
the LHe filling status. In addition, there are two Pt100 sensors T6 and T7 on the two protection diodes 
to detect the diode temperature when magnet quenches. However, the beam duct temperature with 
(without) 200 mA electron beam is about T1=102 K (101 K), T2=100 K (99 K), T3=100 K (99 K), 
T4=234.5 K (233 K). The temperature of beam duct will be as a function of electron beam current. The 
boil-off rates of LHe and LN2 are around 2.5 L/h and 1.6 L/h, respectively. However, the liquid helium 
consumption from the transfer line is 10 times larger than that of the magnet itself. Therefore, the liquid 
helium transfer system should be modified. The cold helium gas is warm up by a warmer that is 
consisted of a multi-channel aluminum tube and the warm helium gas recycles to the compressor.  
   The magnet testing in storage ring is quite successful. There is ten times training to arrive at the 
nominal current 285 A with 3.2 T. There is no trim coil compensation, the electron beam has survived 
and provided a very stable photon beam for beam line alignment and testing. When magnet quench, the 
compressor can accommodate the large amount (10 liters liquid helium boil-off per 15 seconds) of the 
recycle helium gas. No matter the beam duct is in the condition of warm or cold or with 200 mA 
electron beams, the UHV condition of the aluminum beam duct always keeps at the same pressure 
value. 

 
4. Conclusion 

  An aluminum beam duct with semi-cold bore was designed for superconducting multipole wiggler 
SW6 is a best choice. There is no local heating on the aluminum beam duct to avoid the magnet 
temperature too high. The pump and purge of magnet system include the piping of the transfer line and 
the return gas should be very careful to keep a good dewpoint and low particle number in order to avoid 
damaging the turbine of the refrigerator. The magnet testing results verify the magnet construction 
performance is quite consistent with the ideal design. This result gives us the confidence to construct the 
superconducting undulator. 
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FINAL REPORT OF THE HIGH HEAT LOAD FRONT END - FE13(SW6) 

 

A front end for the Super-conducting Wiggler with period of 6 cm (SW6) has been constructed 

and installed at the 13th beam line of the Taiwan Light Source (TLS) of NSRRC, which is named as 

FE13(SW6) or FE13 in brief。The project ignites the design, construction and procurement since 

2002, assembly and test in 2003, and installation in March 2004, following by the short time 

commissioning that includes the calibration of PBPM, photon beam cleaning for the absorbers. The 

status of this front end to be reported is divided into (1) ultra-high vacuum system, (2) high heat 

load and radiation components, (3) safety interlock and control system, and (4) commissioning. 

 

1. Ultra-High Vacuum System 

 

The Front End (FE) for the Super-conducting Wiggler with period of 6 cm (SW6) has been 

constructed and installed in the 13th photon port of the Taiwan Light Source (TLS). It is named by 

FE13(SW6) or FE13. The FE13 is connected between the electron storage ring and the beam line, 

3.2 m in total length, require a degree of ultra-high vacuum (UHV) that should reduce the gas load 

back-streamed to the electron storage ring. The UHV condition is defined by a leak rate < 1×10-10 

Torr·L/s, the static vacuum pressure < 3×10-10 Torr (4×10-8 Pa), and the dynamic pressure < 1×10-8 

Torr。Figure 1(a) and 1(b) illustrate the design drawing and the assembly photograph for the FE13, 

respectively. The vacuum chambers are divided into 2 sets of chambers for the photon beam 

position monitors (PBPM), 1 set of shutter chamber contains a photon absorber (PAB) and a heavy 

metal shutter (HMS), and 1 set of flat chamber inside the radiation shielding wall. All of the 

chambers are fixed to the supports anchored on the ground with the kinematical adjusting 

mechanics system. The vibration level of the chambers and the supports are controlled within 0.2 

µm. 

 

The vacuum chambers are made of SUS304 stainless steel and welded by the tungsten inert-gas 

(TIG) method to obtain the acceptable leakage rate. All the vacuum components are made of metal 

alloys and the electrical insulators are made of the ceramics for avoiding the radiation damage. The 

sealing of the chamber are using the conflat flanges with the metal gaskets. All the vacuum 

chambers after machining are cleaned with chemical solvents to remove the residual surface 

oil-contaminations. The chemical cleaning methods are the same as that used for the electron 

storage ring. The thermal outgassing rate for the chemical cleaned chambers is lower than 1×10-12 

Torr·L/s·cm2. 

 

The FE13 is divided into two vacuum chambers isolated by the all metal gate valve (MGV). The 

chambers upstream the MGV contains the chamber for PBPM1 and for the PAB and HMS. It 

functions not only absorbing the synchrotron radiation photon beam as well as the bremsstralung 
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radiation but also the vacuum isolation from the downstream chambers. It guarantees the normal 

operation of the light source without any interrupt from the maintenance for the downstream beam 

line vacuum systems. The chambers downstream the MGV contains the chamber for PBPM2 and 

the flat pipe in the shielding wall. Another UHV gate valve (GV1) is installed at the end of the FE13 

that connects with the beam line outside of the radiation shielding wall.  

Both the chambers for the FE13 contains one 500 L/s non-evaporable getter (NEG) pump and 

two sets of sputtering ionization pump (SIP), with speed of 20 L/s and 500 L/s. The pressure of the 

FE13 is measured by the extractor type ionization gauge (EX-IG). Besides, a fast closing valve 

(FCV) installed in the front end will be closed in 10 ms as soon as the fast closing sensor (FCS) 

installed at the downstream beam line measures a pressure burst and thus protect the UHV 

condition of both the storage ring and the front end from back-stream molecular beam. An oil-free 

leak detector is used for checking the leakage rate of the vacuum systems after assemblies. Then the 

oil-free molecular drag pump (MDP) and the magnetic suspension turbo-molecular pump (TMP) 

will evacuate the system from 1 atmosphere. All the vacuum chambers will warp the heating tapes 

and perform the uniform vacuum baking at 200°C for 24 hours with the pressure below 1×10-5 Torr 

through the baking process. The UHV condition with a pressure of < 2×10-10 Torr can be obtained 

after the uniform baking for the chambers, the degassing for the gauges, and activation for the SIP 

and NEG pumps. The TMP will be removed from the system after vacuum baking and the UHV 

pumping by SIP and NEG are instead of. 

 

2. High Head Load and Radiation Components 

 

The high heat load components contain the photon aperture (PA), a photon absorber (PAB), and 

the PBPM. The radiation component is major the heavy metal shutter (HMS). The components are 

described in the following sections, 

 

2.1 Photon Apertures 

The purpose of installing the photon apertures (PA) in the front end is to confine enough 

horizontal width of the photon beam for the beam line and protect the downstream components 

from damage by the accidental photon irradiation. Figure 2 shows the drawing of the design for the 

PA. The first PA with an opening aperture of 12 mm in height and 90 mm in width for confining a 

span of 16 mrad photon beam through the front end. The second PA with an aperture of 12 mm in 

height and 80 mm in width extracts only 11 mrad into the beam line for the end user experiments. 

The PA is made of oxygen-free high conductivity (OFHC) copper, with two cooling channels drilled 

inside the bulk at the both the upper parts and lower parts of the aperture. The knife edge near the 

open aperture is machined for reduction of the scattered light. The copper PA is welded to the SUS 

flange by vacuum brazing that neither leakage from the welding parts nor any channel or direct 

interface between the UHV and the atmosphere or the cooling water were found. 

 

2.2 Photon Absorber 
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The photon absorber (PAB) is designed for shutting the synchrotron light when not allowing the 

photons extracted into the beam line. The PAB is capable to completely stop and absorber the heat 

load from the photon beam. Figure 3(a) shows the design drawing for the PAB. The material for the 

PAB selects high conductive OFHC copper. Located at 5.4 m from the source, the photon beam 

covers a photon span of 16 mrad with a cross section of 90 mm in width, 12 mm in height, will 

produce a heat load of 3.2 kW at a beam current of 200 mA. The highest power density is 18.2 

W/mm2 at the center. A simulated program called ANSYS is used for estimation of the temperature 

distribution for the PAB. The result, as shown in fig. 3(b), illustrates the maximum temperature of 

144°C. The complete assembly of PAB is shown in fig. 3(c). 

 

2.3 Photon Beam Position Monitor 

The photon beam position monitor (PBPM) is designed to measure the vertical position of the 

photon beam with a positional resolution of < 0.5 μm. The design drawing is shown in fig. 4(a). 

Two thin blades, fixed on the monitor, measure the produced photoelectric current when the outer 

bound of photon beam irradiates on the blades. The vertical position of photon beam (Y) is 

calculated as the following equation, 

 

Y (µm) = Ky [(Iu-Id) / (Iu+Id)]         (1) 

 

where Iu and Id are the current measured from blades. Ky(µm) is the proportional constant that 

transfers the dimension from the ampere to the µm. According the current design of the PBPM, the 

signal to noise (S/N) ratio is > 10000 and hence the [(Iu-Id) / (Iu+Id)] < 5×10-5. After calibration, 

with Ky < 2000 µm be obtained, then Y < 0.1 µm is achieved. Figure 4(b) shows the assembly of the 

measuring head for the PBPM. The compact design of the PBPM can easily be installed in a small 

flange of chamber without any space conflicting with ambient systems. Besides, another feature for 

this PBPM is to directly measure the photon beam without destructing the center part of the photon 

beam that the experiments at the beam line is used. The PBPM is capable to function the on-line 

monitoring the photon beam and might feedback the position of the photon source to readjust the 

orbit. Two sets of PBPM installed in this front end, as shown in fig. 5(a) and 5(b), can provide the 

emitting angle of the photon beam after right calibrations. 

 

2.4 Heavy Metal Shutter 

The major component for radiation safety is a heavy metal shutter (HMS). The design drawing 

of this component is shown in fig. 6. A metal block made of high purity tungsten with dimensions 

of 90 mm in height, 150 mm in width, 180 mm in deep, is fixed to a extractable shaft with a stroke 

of 100 mm. The shutter assembly will lift up when photon beam is introduced to the beam line, and 

will put down when PAB is closed that photon beam is shut off. With the HMS sit at the "Close" 

position, the tungsten metal is capable to absorb both the Bremsstrahlung radiation and the high 

energy neutrons anytime during the injection process for the electron beam with the energy of 1.5 

GeV. Thus the radiation won’t be leaked to the experimental area outside the shielding wall where 
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the safety of the people and instruments can be assured. 

 

3. Safety Interlock Control System 

 

The safety interlock control system is designed for automatically protecting the front end and 

the upstream storage ring vacuum systems from accidental troubles, including the system errors or 

malfunctions, failures of components, or human control mistakes, etc. The design concept contains 

(1) definition of control modes – to constrain the accessible components and the standard operation 

procedures, (2) definition of person in responsibility and the security keys controls, (3) safety 

interlock logic design – to divide the logic diagram into the blocks with different security levels and 

to define the trigger functions for the related devices, (4) a hardware of interlock control box – 

display the status of all the devices of the front end and provide the push buttons for operation of 

the pneumatically controlled devices, (5) provide the status of the front end to the control room 

through the standard communication cables, (6) provide the cables for linking the trigger signals of 

the interlock systems between the front end and those of storage ring vacuum system, the beam line 

interlock system, and the beam abort systems. 

The control modes are divided into (1) Safety mode, (2) Interlock mode, and (3) Operation 

mode. There are three independent security keys for those different control modes. The safety 

interlock logic is divided into six security logic levels including (1) push button control level, (2) 

safety protection level, (3) interlock control level, (4) operation enable level, (5) vacuum pressure 

level, (6) downstream components protection level, etc.. The design drawing for the front panel of 

the safety interlock box is shown in fig. 7. The description of the detail design about the front end 

safety interlock system is referred to the design report of "前端區安全連鎖控制系統設計書" (in 

Chinese). 

 

4. Commissioning 

Commissioning of the FE13 started since April of 2004 after completing the installation. Figure 

8 illustrates the plot of the pressure of the FE13 recorded during the 40 days beam test in Apr. 5 – 

May 15. The magnetic field of SW6 has been applied to 3.1 T in only one week in the 

commissioning, when the emitted high flux of photons irradiated on the PAB and produced very 

high amount of outgassing that results in the pressure burst. The highest pressure, recorded at the 1st 

ion gauge (IG1) reaches to 3×10-7 Torr at 200 mA from the UHV at the beginning of commissioning 

and reduces to < 4×10-8 Torr one week later. It takes shorter time for SW6 operation with the photon 

beam cleaning and PBPM calibration for the FE13 and then open to the beam line for the 

commissioning. 

The vertical positions of the photon beam, emitted from SW6, measured by the PBPM1 and the 

PBPM2 are shown in fig. 9. The resolution of the beam position is ~ 0.5 μm. 

 

5. Summary 

Construction and installation of the "FE13(SW6)" front end vacuum system, in charged by the 
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vacuum group of NSRRC, has been described. All the vacuum chambers and the high heat load 

components are designed and manufactured domestically. The commissioning of the FE13 takes 

only one month after installation. The result of the commissioning shows good quality from the 

viewpoints of low pressure achieved after beam cleaning of PAB and a resolution < 0.5μm 

achieved after calibration of PBPM. After one-year operation, up to July of 2005, of the system not 

only at the routine operation of 200 mA but also at the specific operation tests of 400 mA as well as 

300 mA top-up operation modes, no malfunction or error has been found. The high quality and high 

reliability of the FE13 has been approved. 
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Figure 1(a)  Design drawing for the FE13(SW6) front end vacuum system.  

 

 

 

Figure 1(b)  Photograph of the assembly for the FE13(SW6) installed in the tunnel. 
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Figure 2  Design drawing of the photon aperture (PA). 
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Figure 3  Design drawings and the photos for the photon absorber (PAB), (a) assembly drawing, (b) 

Thermal analysis of the PAB for SW6 heat load by ANSYS program, (c) Photograph of the PAB. 
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Figure 4  Photon Beam Position Monitors (PBPM), (a) design drawing, (b) photograph of the 

assembly of PBPM. 
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Figure 5(a)  Assemblies of the PBPM1 and the PA1 installed in the same PBPM1-chamber. 

 

 

 

Figure 5(b)  Assemblies of the PBPM2 and the PA2 installed in the same PBPM2-chamber. 
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Figure 6  Design drawing for the Heavy Metal Shutter (HMS). 
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Figure 7  Drawing of the front display panel of the front end interlock system. 
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Figure 8  Pressure rise of the FE13 during the beam commissioning in 40 days after installation of 

front end. 
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Figure 9  The vertical positions of the photon beam from SW6 (ON), measured by PBPM1 and 

PBPM2 after calibration. 
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