
Chapter 2

Protein Microcrystallography

2.1 Introduction

Since the structure of double-stranded DNA was solved 60 years ago, X-
ray crystallography has revealed the secrets of macromolecular machineries in
biological processes. Synchrotron radiation has further accelerated the pro-
cess of structural determination and makes X-ray crystallography the most
important and successful tool for understanding complicated biological struc-
tures.

To provide such a tool for difficult structures as well as routine data
collection, we proposed a protein microcrystallography beamline[1, 2] in 2008.
After several reviews with the help from Protein Crystallography Interest
Group and National Tsing Hua University, the beamline will use apertures
instead of focusing mirrors to produce a small beam that brings forth the
following features:

• Energy ranges from 5.7 to 20 keV (wavelength 2.175 - 0.62 Å).

• Beam divergence is less than 500 µrad (horizontal) and 100 µrad (ver-
tical) at the Se K -edge (0.98 Å).

• Energy resolution is 2.07 × 10−4 at 12.4 keV.

• Beam size is 50 µm (horizontal) and 30 µm (vertical), and can be
adjusted from 50 to 5 µm using round apertures.

• Flux at the sample position is larger than 4 × 1012 photons/s at the
Se K -edge (0.98 Å).
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To achieve these goals, a two-meter undulator (IU22) will be installed as
the X-ray source. The configuration of optics includes a front end aperture,
a set of slits, 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 cool-
ing system resulting in a slope error of 3.13 µrad. Under these conditions,
demands by users for difficult projects can be fulfilled, and the beamline is
comparable to most of the advanced protein microcrystallography beamlines
worldwide.

For the end station, an area detector with at least 300 × 300 mm2 active
area will be incorporated. Distance between the detector and the sample
ranges from 85 mm to 800 mm. Micro-diffractometer MD2[3, 4, 5] 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 nitrogen
gas flow (100 K) and helium gas flow(30 K) cooling systems will be provided.
Stanford Automatic Mounting System (SAM)[6] is chosen to facilitate high-
throughput experiments.

2.2 Scientific Opportunities

Eight recent Nobel Prize winners in Chemistry depended on readily avail-
able and steady synchrotron X-rays for their ground-breaking researches[7]:
Sir John Walker of MRC in 1997, Roderick MacKinnon of Rockefeller Uni-
versity in 2003, Roger Kornberg of Stanford University in 2006, Roger Tsien
of University of California San Diego in 2008, Venkatraman Ramakrishnan
of MRC, Thomas Steitz of Yale University, Ada Yonath of Weizman Insti-
tute of Science in 2009, and Brian Kobilka of Stanford University in 2012.
These recent awards prove the crucial role of synchrotron radiation facilities
in extending our understanding of the mechanisms of life.

The routine use of synchrotron radiation for single crystal diffraction
study in the past decades has revolutionized macromolecular structural bi-
ology. However, crystals of important macromolecules, such as membrane
proteins and viruses, are usually small in size and have mediocre diffraction
quality. Therefore, advances in synchrotron radiation sources, detectors, and
software are necessary to tackle these challenging problems:
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• 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.

Structural Determination of Important but Challenging Targets

In the past few decades, tens of thousands of structures have already
been determined. Now, scientists are left with more challenging targets,
which tend to crystalize in poor quality or in smaller sizes. Large crystals of
these targets might result in worse data due to disorder over a long range.
The next frontiers for structural biology are membrane protein, large protein
complex and virus, all belonging to this important but challenging category.
This beamline is designed to tackle these problems by reducing the size and
divergence of X-ray beam and increasing the flux. The tunability of wave-
length for phasing allows scientists to solve structures of novel folds without
any prior knowledge of the structures.

High-throughput Structural Determination

Another trend in structural biology is being able to screen drugs and
chemical compounds in protein structures. This provides not only a way
of finding cures for disease, but also a chance to improve the quality of
diffraction with higher resolution to answer important biological questions.
This beamline provides high-speed data collection and automation for this
purpose. It will open a door for the emerging biotech and pharmaceutical
communities in Taiwan and worldwide to explore the power of synchrotron
radiation.

2.3 Photon Source

The sources for all beamlines in Phase I are undulators as the first pri-
ority. This strategy aims not only to fulfill the demand of scientific research
but also to reap the benefit of the low emittance of the TPS storage ring.
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TPS adopts the design of DBA[8], which means there are six periods with
the same configuration in this storage ring. Each period has one 12-m long-
straight section and three 7-m short-straight sections. Every straight section
is followed by one bending magnet. In total, there are six long-straight
sections, eighteen short-straight sections and twenty-four achromat sections.
This beamline is located at port #05, corresponding to a short-straight sec-
tion.

Certainly, there will be a lot of challenges in commission of a storage
ring early on. In particular, whether the accelerated electrons precisely pass
through the few millimeters of a gap in an undulator becomes a critical
point during the commission. The radiation is generated by the electrons
traversing a periodic magnetic structure. From Eq. (2.1) and (2.2), the
wavelength of undulator radiation is a function of magnetic field[9]; hence,
the photon energy can be adjusted according to the gap of a magnet.

K =
eB0λu
2πmc

= 0.934 λu[cm]B0[T] , (2.1)

λn[Å] =
13.056 λu[cm]

E2[GeV]

(1 + K2

2
)

n
, (2.2)

where
K : deflection parameter
e : electronic charge, 1.602×10−19 coulomb
B0 : amplitude of the magnetic field (Tesla)
λu : length of the magnet period (cm)
λn : wavelength of the nth harmonic (Å)
E: electron energy (GeV)
n : number of odd harmonics (n =1, 3, 5...)

In other words, the lower photon energies can be covered when reducing
the gap. With the requirement of energy range, an acceptable gap of 7 mm
is a compromised choice for the initial stage. However, it could be reduced
to 5 mm in the future.

In order to match the criterion of the gap, the period length of 22 mm for
the in-vacuum undulator (IU22) is adopted. This source covers the photon
energies from 5.7 to 20 keV. The total length of the magnet is 3 m long with a
period number of 140. The space in a short-straight section for the insertion
device installation is sufficient to accommodate a second insertion device, if
the beamline scientists request to upgrade the performance of the beamline
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in the future. The undulator parameters are shown in Table 2.1.

Table 2.1: Source parameters of IU22

In-vacuum undulator, IU22

Period length, λ 22 mm

Number of period, Nperiod 140

Peak field, B0 0.72 T

Deflection parameter, Kymax 1.48

Total magnetic length, L 3.08 m

Minimum magnet gap 7 mm

Photon beam size σrx(σry) @12.4 keV 120 (5.5) µm

Photon beam divergence σ′rx (σ′ry) @12.4 keV 18.6 (8.1) µrad

Total power @500 mA 4.5 kW

Power density @500 mA 42.7 kW mrad−2

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 photon energy range of
5.7−20 keV calculated by SPECTRA[10], using undulator harmonics #3 to
#9, is 1018 to 1020 photons·s−1·mrad−2·mm−2·(0.1% bandwidth)−1, as shown
in Figure 2.1 on page 12. The photon flux is 1013 to 1015 photons·s−1·(0.1%
bandwidth)−1, as shown in Figure 2.2 on page 12.

The effective beam size (σeff ) and divergence (σ′eff ) are obtained by con-
sidering the diffraction-limited beam size (σphoton) and divergence (σ′photon),
the electron beam source size, and divergence, as shown in the following
equations: (2.3) to (2.6).

σphoton =
1

4π

√
2Lλ , (2.3)

σ′photon =

√
λ

2L
, (2.4)

σeff =
1

4π

√
σ2
electron + σ2

photon , (2.5)
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Figure 2.1: Brilliance of IU22 as a function of photon energy.

Figure 2.2: Photon flux of IU22 as a function of photon energy.
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σ′eff =
√
σ′2electron + σ′2photon. (2.6)

	  
Figure 2.3: Horizontal (upper) and vertical (lower) source sizes of the IU22
as a function of photon energy. In the energy range of 5.7−20 keV, using
harmonics #3 to #9, the vertical size varies from 5.6 to 5.3 µm, however,
the horizontal size is almost a constant at close to 120 µm.

The source size and divergence of the IU22 are shown in Figure 2.3 and Fig-
ure 2.4 on pages 13 and 14. In the energy range of 5.7−20 keV, the vertical
size varies from 5.6 to 5.3 µm, however, the horizontal size is almost a con-
stant. The divergences for the horizontal and vertical directions in the same
energy range are 19−18 µrad and 10−7.5 µrad, respectively. According to
the results, the performance of the TPS is greatly improved not only in re-
ducing the source size but also in providing an excellent emittance compared
to the present TLS at the NSRRC.
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Figure 2.4: Horizontal (upper) and vertical (lower) source divergence of the
IU22 as a function of photon energy. The divergences for the horizontal
direction and the vertical direction in the energy range of 5−20 keV, using
harmonics #3 to #9, are 19−18 µrad and 10−7.5 µrad, respectively.

2.4 Beamline Optics Design

The beamline design aims not only at 1 Å MAD phasing experiments but
also 2 Å SAD phasing experiments with a wide and accurate X-ray energy
tunability in the energy range of 5.7−20 keV, corresponding to the wave-
length range of 2.175−0.620 Å. In particular, the performance of photon flux
and beam size is optimized at the K -edge of Se at 12.658 keV to take ad-
vantage of the special role of this element in protein crystallography. Other
features include a variable beam size between 5 µm and 50 µm at the sam-
ple position, a stable and non-drifting beam, and user-friendliness in optics
adjustment. The beam size at the focal point by design is 50 µm × 30 µm
(H × V, FWHM) and can be tuned by a set of pinholes down to 5 µm.
This approach has the following advantages: (1) a slight drift of the source
is allowed, (2) the beam shape can be well defined even with a little tailing
at the edges, (3) beam divergence at the detector is lowered, and (4) a beam
size from 5 to 50 µm can be conveniently changed without adjusting the mir-
rors. Such design for a regular beam size and micro-beam allows scientists
to get optimized data from crystals of both regular and small sizes without
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suffering from the problem of a minimum number of unit cells in a protein
crystal. Unlike many micro-focus beamlines, phase information can be easily
obtained in this beamline with SAD/MAD experiments. The drawbacks are:
(1) the beam size can only go down to 5 µm, and (2) the flux density will
not increase when the beam size is reduced.

The major components of the beamline are identical to the Conceptual
Design Report (CDR) reviewed by the SAC committee in 2010. Committee
commented to extend the energy range and reduce the focus size further. We
have modified the specifications accordingly. We will review the CDR briefly
as follows.

2.4.1 Review of the CDR

An undulator source of IU22 is dedicated to deliver photons for protein
microcrystallography beamline 05A1. This beamline consists of two major
optical components, a double crystal monochromator followed by a set of
Kirkpatrick-Baez (K-B) focusing mirrors. The optical layout is shown in
Figure 2.5. The double crystal monochromator (DCM) of this beamline uses
plane crystals and does not provide focusing. This permits flexibility in po-
sitioning the DCM. Because the first crystal of the DCM is the first optical
element that receives the intense white light from the undulator, adequate
cooling by liquid nitrogen is necessary to maintain a stable performance. The
distance between the DCM and the source is also made as long as possible to
increase the light footprint and hence reducing the flux density. The down-
stream K-B mirrors focus only monochromatic light. Cooling is thus not
needed for them.

The floor space outside the shielding walls 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. This beamline will occupy port #05 of the TPS ring, and has a
total length of 55 m from the center of the 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. The space
for data acquisition, sample preparation and data storage room are located
near the end station within the planned area to meet the rules of the NSRRC.

Table 2.2 shows the design parameters of the K-B mirrors, for which we
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have chosen cylindrical mirrors with a demagnification ratio less than 6. To
achieve the required beam sizes at the sample position, the parameters of the
horizontal focusing mirror (HFM) placed at 29.85 m is mainly determined
by the 50 µm beam size and a required divergence of 500 µrad at the focal
point at 35 m. The HFM will collect a horizontal fan of light of 83 µrad.
To meet the demand for equal beam sizes in both horizontal and vertical
directions and a gradual divergence in the vertical direction at the focus, the
VFM is placed at 27 m as a result of a compromise between minimization of
the angular error and the target beam size. The VFM will collect a vertical
fan of light of 25 µrad. To obtain a better focus at the sample position, both
mirrors are bendable with a slope error of 1 µrad.

Table 2.2: Parameters of the K-B mirrors

Mirror VFM HFM

Shape Cylindrical

Bender mechanism Yes Yes

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 (Å) 3

Coatings
(1) Rh 600 Å

(2) 50 Å Rh/ 250 Å Pt

This beamline will have a beam size of 50 µm × 30 µm (H × V, FWHM)
and a divergence of 500 µrad × 100 µrad (H × V) at the sample position.
This requirement corresponds to a horizontal acceptance angle of 83 µrad
and a vertical acceptance angle of 25 µrad when setting the positions of two
mirrors. It is called the high flux density mode, as shown in Figure 2.6.
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The other operation mode is called the low divergence mode (not shown
in Figure 2.6). The acceptance of the vertical direction is the same as the
high flux density mode. However, to satisfy the condition of the low diver-
gence mode of 100 µrad in horizontal direction at the sample position, slit
set 1 is reduced to an opening of 14 µrad to obtain a divergence of 100 µrad
× 100 µrad (H × V) at the sample position. In addition, to reduce the heat
load generated from the source on the beamline components, a set of high
heat-load slits in the front-end is used to define the divergence and block
unnecessary photons from reaching the beamline.

Simulation of the light profile by the SHADOW[11] software is shown in
Table 2.3.

Table 2.3: Simulation of the beam size and divergence at the source and the
focus. At the focus, only results for the high flux density mode are shown.

Size Divergence

Source  

 

Hori. : 283 µm (fwhm) Hori. : 109.8 µrad (fw)

Vert. : 12.7 µm (fwhm) Vert. : 48.5 µrad (fw)

Focus

  
Hori. : 55 µm (fwhm) Hori. : 500 µrad (fw)

Vert. : 25 µm (fwhm) Vert. : 100 µrad (fw)

These profiles show the beam size and divergence at both IU22 source
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and the focus. A set of pinholes located 30 mm upstream from the sample
position is used to cut the beam size down to 7 µm × 4 µm (H × V). The re-
quired mirror dimensions can be double-checked by the SHADOW software.
The mirror length must be considered to accommodate maximal acceptance
in the high flux density mode. The light footprints on the mirrors are shown
in Table 2.4.

Table 2.4: Simulation of light footprints on the surface of the vertical focusing
mirror and the horizontal focusing mirror, in the high flux density mode.

VFM HFM

Footprint

   
Length : 160 mm Length : 590 mm

Width : 2.24 mm Width : 0.746 mm

Although an elliptical surface for the focusing mirror will reduce aber-
ration caused by the spread of incident angles, we have decided to use the
cylindrical type because the demagnification ratios for both horizontal and
vertical planes are relatively small and the aberration is less pronounced.
Also, the cost of manufacturing is lower for the latter.

The beamline scientists requested that the mirror coating and the incident
angle be optimized for the energy range of 5.7−15.5 keV in order to simplify
beamline operation and to provide a beam with less than 0.1 % higher har-
monic contamination. Therefore, the surface of the VFM is divided into two
stripes parallel to the beam direction. One stripe is a Rh-coated layer with a
thickness of 600 Å for the energy range of 5.7−15.5 keV, and the other a 50
Å Rh layer on top of a 250 Å Pt layer for extending the energy range to 20
keV. The purpose of Rh/Pt coating is to smooth out the L-edge structures
of Pt in the 11−13 keV range as shown by the blue line in Figure 2.7. The
two stripes are operated at an identical grazing angle of 4.2 mrad. Moreover,
the coated stripes and grazing angle of the HFM are of the same settings as
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the VFM.

2.4.2 Expected Performance

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 Figure 2.8 and Figure 2.9, respectively. In the
high flux density mode, the flux through a 50 µm pinhole positioned 30 mm
before the focal point is above 1012 photons·s−1 in the energy range 5.7−15.5
keV, and above 1010 photons·s−1 through a 5 µm pinhole. The flux in the
lower energy range 5.7−8 keV is slightly reduced due to absorption by the
diamond window.

As discussed earlier in beamline design, the flux in the higher energy range
up to 20 keV is extended by the Rh/Pt coating of the K-B mirrors. With
the same settings of grazing angle of mirrors, the flux through a different
pinhole at the maximum energy is decreased by a factor of 100 compared
to 1 Å wavelength. Nevertheless, this is a trade-off for enhancing the flux
in the optimized energy range (5.7−15.5 keV). The flux in the energy range
of 11−13 keV falls in harmonic #5 and is characterized by a monotonically
decreasing curve with a relatively small variation in intensity, which is very
important to the energy scanning experiments to be performed by the end
station users. The flux in the low divergence mode has similar trends as
in the high flux density mode, except for a lower intensity due to a limited
horizontal divergence.

Energy Resolution The total energy resolution (∆E/E) and its compo-
nents are shown in Figure 2.10. The contribution from the source size is
negligible owing to dominating terms from the Darwin width of Si(111) and
the accepted angular divergence. The energy resolution is optimized at 12.65
keV with a value of 2.07 × 10−4, which will meet the requirement.

Attenuation of High Order Harmonics The high-order harmonics (n=3,
5, 7...) that pass through the DCM under the Bragg condition can be ade-
quately 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 Eq. (2.7),

F17.1keV

F5.7keV

× NSi(333)

Nsi(111)

× R2
17.1keV

R2
5.7keV

5 0.1% , (2.7)



20 CHAPTER 2. PROTEIN MICROCRYSTALLOGRAPHY

where
F : photon flux after slit set 1
N : percentage of rays that satisfies the Bragg angle and passes through the
diamond window and the Be window
R : reflectivity of the mirror at the specified energy

The results show that at 4.2 mrad the high-order harmonics are attenuated
to 0.06 %, which meets the requirement of 0.1 %.
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Figure 2.6: Layouts of beam focusing in the horizontal plane (upper) and
vertical plane (lower), in the high flux density mode. This beamline will have
a beam size of 50 µm × 30 µm (H × V, FWHM) and a divergence of 500 µrad
× 100 µrad (H × V) at the sample position. This requirement corresponds
to a horizontal acceptance angle of 83 µrad and a vertical acceptance angle
of 25 µrad.
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Figure 2.7 The reflectivity of 50 Å Rh on 250 Å Pt as a function of photon energy, compared to the single 
element coating. Figure 2.7: The reflectivity of 50 Å Rh on 250 Å Pt as a function of photon

energy, compared to the single element coating.
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Figure 2.8: The calculated flux as a function of photon energy for the high 
flux density mode. 

 

 

Figure 2.9: The calculated flux as a function of photon energy for the low 
divergence mode. 

Figure 2.8: The calculated flux as a function of photon energy for the high
flux density mode.
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Figure 2.8: The calculated flux as a function of photon energy for the high 
flux density mode. 

 

 

Figure 2.9: The calculated flux as a function of photon energy for the low 
divergence mode. 

Figure 2.9: The calculated flux as a function of photon energy for the low
divergence mode.

	  

4 6 8 10 12 14 16 18 20 22

1.0x10-4

2.0x10-4

3.0x10-4

4.0x10-4

 Overall
 Slits denfined divergence
 Si(111) Darwin width
 Source size

 

 

E
ne

rg
y 

re
so

lu
tio

n 
(Δ

E
/E

)

Photon Energy (keV)

Figure 2.10: The total energy resolution and contributing terms as a function
of photon energy.
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2.5 Beamline Detailed Design

An overall perspective of the beamline and end station is shown in Figure
2.11. Detailed description of the components follows.
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2.5.1 Aperture

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

2.5.2 Diamond Window

The purpose of a vacuum window is mainly to isolate the vacuum en-
vironment of the front end from that of the beamline. If there is a breach
of vacuum from one side, it protects the other side. The thickness of the
CVD-diamond window is 200 µm, and it is water cooled.

2.5.3 White Beam Slits

The function of slits is to not only adjust the beam size and divergence at a
particular position, but also block light scattering further. The designed slits
for the TPS beamlines is greatly modified based on experiences gained from
the slits presently in use at the TLS. A set of white beam slits consists of four
blades, four motorized stepping motors, four encoders, four limit switches
with a resolution of 1 µm, four hard stops and cooling blocks, forming a
compact assembly. To reduce the alignment error, thus keeping the precision
of motion, it is best to limit the travel ranges of the blades. Therefore the
maximum opening of the slits is set to 8 mm for both vertical and horizontal
directions. The motion of the blades are independent of each other. The
specifications of the white beam slits are shown in Table 2.5.

2.5.4 Double Crystal Monochromator (DCM)

The monochromator will be placed at 24.5 m from the source. It employs
a pair of plane Si(111) crystals in a vertically non-dispersive configuration
to provide the monochromatic beam within the energy range of 5.7−20 keV.
As the first optic in the beamline, the first crystal will bear the brunt of
most of the heat load. Although there are white-beam windows to relieve
the thermal load on the 1st crystal, cryo-cooling is still required to maintain
the performance of crystals, because of the high power density generated by
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Table 2.5: Specifications of the white beam slits

Vacuum 5 1 x10−9 Torr

Maximum available aperture 10 mm (H) × 10 mm (V)

Slits motion resolution 5 0.1 µm

Slits motion repeatability (uni-directional) 5 0.5 µm

Slits motion accuracy 1 µm

Blade straightness 1 µm over 10 mm

Parallelism of each set of the slit blades < 20 µm

Cooling Indirect cooling

Maximum total power 100 W

Slits material tungsten

Device flange to flange length 300 mm

Entrance and exit flanges size 4.5 inch CF flange

the undulator source. The DCM is designed for a nominal height of 1350
mm at the entrance slit, with an upward offset of 25 mm at the exit slit.

The drawing of the monochromator is shown in Figure 2.12. The main
axis drive bears the load of the heavy crystal cage assembly. Alignment error
due to gravity could be introduced to the main axis by either the weight of
the whole crystal cage or the imbalance between two mechanical stages of
the crystals. Therefore, the main axis assembly should be extremely rigid
and a high precision rotary encoder should be placed as close as possible to
the goniometer.

A possible source of vibrations may come from the floor and these will
transmit to the DCM assembly along the support. Thus, a rigid support
structure is required to isolate the vibrations and to stabilize the crystal as-
semblies. To fulfill the requirement, a massive piece of granite is used as one
of the essential elements of the supporting structure.

There are many different structures for the granite supporting table,
which may have different natural frequencies. According to the literature[12],
vibrations of different frequencies affect the data quality in different ways.
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Figure 2.12 The outline of monochromator. Its chamber and ion pump are fully loaded on a single granite 
block. The dimensions of the whole system is minimized to fit into the narrow space. Moreover, the high 
precision rotary encoder is placed as close to the goniometer as possible. 

Figure 2.12: The outline of the monochromator. The full weights of its
chamber and ion pump are borne by a single granite block. The dimensions
of the whole system is minimized to fit into the narrow space. Moreover, the
high precision rotary encoder is placed as close to the goniometer as possible.

In a 3rd generation synchrotron, a typical exposure time for strong diffract-
ing crystals is 0.2 seconds for a 1 ◦ oscillation width. A low frequency vibra-
tion will introduce extra errors into the data set, because the beam intensity
fluctuates too much during the exposure of a diffraction spot. For frequencies
higher than 200 Hz, the fluctuation of the intensity can be averaged out, and
will have less effect on the data quality. We have to avoid natural frequencies
below 200 Hz for the granite supporting structure.

From an analysis of the natural frequencies of different structures provided
by the vendor, only one meets the over 200 Hz criterion, as shown in Figure
2.13.

The range of the Bragg angle is from 5 to 25 degrees. The specification
of the main axis drive and support structure is shown in Table 2.6.

The design of the DCM utilizes two crystals placed on a high precision
rotary table to select the photon energy of the incoming beam by rotating
the Bragg angle, to produce a monochromatic outgoing beam. In this design,
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Figure 2.13 The natural frequency analysis of DCM. The analysis shows that the chamber places on a single and 
massive granite block can shift the frequency to 209 Hz. Figure 2.13: The natural frequency analysis of the DCM. The analysis shows

that the chamber placed on a single and massive granite block can shift the
frequency to 214 Hz.

a constant beam height offset is achieved through the motion control of the
1st crystal to provide a constant height of the exit beam.

Motors are important for aligning and controlling the DCM, but they will
also increase the instability of the instrument. For this reason, the number
of motors inside the chamber should be minimized. One way to do this is
to use cams instead of motors. While cams are outstanding for low incident
angles, they tend to be unstable for higher incident angles. The other way
around is to use a longer 2nd crystal, in which case the motor for longitudi-
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Table 2.6: Specification of the main axis drive and support structure

Item Parameter Specification

Bragg angle
(i.e., rotation of
the crystal cage)

Range 5 ◦ to 25 ◦

Resolution 5 1 µrad (full-step mode)

Repeatability 5 3 µrad

Speed 0.1 ◦/sec

Drive Stepping motor, encoded

Beam height
White beam 1350 mm (in)

Monochromatic beam 1375 mm
(out)

Beam offset 25 mm upwards

Vertical
translation (of
the whole DCM
assembly)

Range ± 10 mm

Resolution 5 10 µm

Repeatability 5 10 µm

Drive Manual

Horizontal
translation (of
the whole DCM
assembly)

Range ± 10 mm

Resolution 5 50 µm

Drive Manual

nal translation is removed. In the final design, only 3 motors are used in the
DCM chamber.

The arrangement of the crystals is based on a non-dispersive (+,−) con-
figuration. The surface of the 1st crystal faces upward and the surface of the
2nd crystal faces downward. The axes and motion directions of the crystals
are defined in Figure 2.14.

The x-axis will be horizontal and perpendicular to the beam, in the direction
away from the ring; positive denotes the outboard direction; The y-axis will
be horizontal and parallel to the beam, in the direction of propagation of the
X-ray beam; positive denotes the beam propagation direction; The z-axis
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Figure 2.14: Schematic illustration of axis and angle conventions. The ar-
rangement of the crystals is based on a non-dispersive (+,−) configuration.
The surface of the 1st crystal faces upward and the surface of the 2nd crystal
faces downward.

will be vertical; positive denotes the upward direction.

A pair of Si(111) crystals are mounted on crystal cages which provide
a constant height of exit beam in the vertical direction while changing the
Bragg angle, as shown in Figure 2.15. It means the height of exit beam is
fixed through the motion control of the 1st crystal assembly. Traditionally,
one of the crystal assemblies is selected and driven along its parallel and per-
pendicular motions to keep the constant height offset between the incoming
and outgoing beams. The range of the parallel motion, which depends on
the energy range, is usually tenfold as far as the perpendicular motion. In
order to minimize the alignment error generated by uneven forces of crystal
coolant lines during the motion, a long crystal is used, obviating the need of
the parallel motion of the crystal. In other words the light footprint on the
optical surface of a long crystal will walk along the longitudinal direction of
the crystal as the Bragg angle shifts.

Attention to the design of the coolant lines and their supports must be
made to minimize any transmitted vibration or torque. The design includes
a suitable thermal insulation of the crystal from its adjustment mechanism.
Low vibration flexible hoses will be used to further suppress the vibrations.
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Figure 2.15 3D visualization for the crystal cages inside DCM. There are only three in-vacuum motors, 
perpendicular translate of 1st crystal, pitch of 1st crystal and roll of 2nd crystal. Moreover, it includes the design of 
low-vibration flowing and Compton scattering shielding. 

Figure 2.15: 3D perspective of the crystal cages inside the DCM. There are
only three in-vacuum motors, controlling perpendicular translation of the
1st crystal, pitch of the 1st crystal, and roll of the 2nd crystal. Moreover,
it includes the designs of low-vibration coolant flow and Compton scattering
shielding.

In order to minimize the thermal stress caused by the Compton scattering
beam at different Bragg angles, the whole 2nd crystal cage is protected with
a shielding cover.

Regarding the motorized motion for the beam alignment, one of the crys-
tal assemblies is able to perform the coarse adjustments of roll and pitch;
moreover, a fast piezoelectric actuator for fine pitch is also required. In or-
der to improve the stability, the number of adjustment stages are kept to a
minimum. The requirements of crystal adjustment units are listed in Table
2.7.

The active diffracting surface of the crystal should be precision-lapped
prior to final optical polish. Following final polish, the diffracting surface
should be ‘flash’ etched to produce a strain free optical surface. The specifi-
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Table 2.7: Specifications of the crystal adjustments

Motion Parameter Specification

Perpendicular
translation of the 1st

crystal

Range +3 to -10 mm

Resolution 5 0.1 µm

Repeatability 5 1 µm

Drive In-vacuum stepping motor

Pitch of
the 1st

crystal

Coarse motion

Range ± 2 ◦

Resolution 5 1 µrad

Repeatability 5 5 µrad

Drive In-vacuum stepping motor

Fine motion

Range 300 µrad

Resolution 5 0.05 µrad

Repeatability 5 0.2 µrad

Drive In-vacuum piezoelectric ac-
tuator

Roll of the 2nd crystal

Range ± 2 ◦

Resolution 5 2 µrad

Repeatability 5 5 µrad

Drive In-vacuum stepping motor

cations of crystals is summarized in Table 2.8. All inspections for the crystals
are reported in a document and the crystals have to meet the UHV conditions
at the final procedure prior to its installation in the crystal cage.

2.5.5 VFM & Mirror System

The vertical focusing mirror (VFM) is located at 27 m from the source to
collect light in the central fan of 25 µrad and faces upward. The beamline sci-
entists requested that the mirror coating and the incident angle be optimized
for the energy range of 5.7−15.5 keV in order to simplify beamline operation
and to provide a beam with less than 0.1 % higher harmonic contamination.
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Table 2.8: Specifications of crystals

Material
Float zone dislocation free
Si (111) crystal

Orientation accuracy ± 0.02 ◦

Diffracting Surface roughness 5 100 Å (rms)

Diffracting surface

Strain free lapped, polished
and etched to give a
FWHM rocking curve
within 0.5 arcsec of the
theoretical value

Dimension of 1st crystal
50 × 40 × 40

(l × w × h, mm3)

Dimension of 2nd crystal 160 × 50 × 30

Cooling
Indirectly cryogenically
cooled for two crystals

Therefore, the surface of the VFM is divided into two stripes parallel to the
beam direction. One stripe is a Rh coated layer with a thickness of 600 Å for
the energy range of 5.7−15.5 keV, and the other is a 50 Å Rh layer on top of
a 250 Å Pt layer for extending the energy range to 20 keV. The purpose of
Rh/Pt coating is to smooth out the L-edge structures of Pt in the 11-13 keV
range. The two stripes are operated at an identical grazing angle of 4.2 mrad.

For obtaining a better focus at the sample position, the mirror is bend-
able with a slope error of 1 µrad. The shape of the mirror is bent from flat to
a cylindrical shape with one actuator as shown in Figure 2.16. The surface
roughness is polished to less than 3 Å before coating. Detailed parameters
are listed in Table 2.9.

The VFM mirror system consists of a vacuum chamber, motorized ad-
justment mechanisms, and supporting structures. The layout of the mirror
system is shown in Figure 2.17. An important concept is the independent
supports of the mirror optical elements and the vacuum chamber.

The volume of the mirror vacuum chamber is basically determined by
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Table 2.9: The design parameters of the VFM

Parameter Specification

Shape Flat to Cylinderical, tangential bent

Description Reflection mirror

Substrate Material Silicon single crystal

Clear Aperture (CA) 200 × 30 (mm, longitudinal × sagittal)

Object distance 27 m

Image distance 8 m

Orientation of VFM Reflecting vertically upward

Demag. ratio 3.375

Source collection angle
Sagittal acceptance : 83 µrad

Tangential acceptance : 25 µrad

Grazing angle 4.2 mrad

Coatings

One stripe coated with a 600 Å Rhodium
layer

One stripe coated with a 50 Å (with ± 5%
tolerance,best effort ± 2%) Rhodium layer
over a 250 Å Platinum layer

Tangential radius (R)
Normal operation at R = 2.93883 km

Bending radius : 2 km to infinity

Sagittal radius (ρ) infinity (> 5 km)

Tangential slope error
5 1 µrad FWRMS over 200 mm long × 30
mm wide in the center of the mirror

Sagittal slope error 5 5 µrad FWRMS

Surface roughness 5 3 Å RMS

Aspect 10−5 scratch-dig

Cooling Non

Vacuum pressure < 1 × 10−9 Torr (Ultra High Vacuum)
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	   Figure 2.16: The 3D model of the VFM and bender.

the dimensions of the mirror. Translation stages are required to switch mir-
ror coatings. The design currently in use at the TLS to achieve this pur-
pose utilizes mechanisms with coupled degrees of freedom. Thus horizontal
translation will generate stress on the vertical translation stages and affect
alignments in other degrees of freedom. To overcome this drawback, we have
designed anew a system of driving mechanisms which have independent de-
grees of freedom. For this system to work with a vacuum port of a reasonable
size, two of the translation stages have to be housed inside the vacuum cham-
ber. Although maintenance of an in-vacuum motorized stage is harder than
an in-air one, the benefit of a much improved alignment stability far out-
weighs its disadvantage.

With this design, the size of the mirror chamber is widened beyond that
which is used for mere a mirror, in order to accommodate the motorized
stages.
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Figure 2.17: The layout of the vertical focusing mirror system.

The whole mirror assembly secured with an in-vacuum base plate inside the
vacuum chamber is supported by a massive piece of granite. The purpose of
an in-vacuum base plate is to provide not only the precision alignment but
also shielding of the in-vacuum mechanism from primary scattering line off
the reflection surface of the mirror.

The massive granite block and the stand of chamber are both secured in-
dependently on the floor. The link between the mirror and vacuum chamber
is only via the vacuum bellows which are located on the bottom side of the
vacuum chamber for the vertical motion of the mirror.

The granite block provides a rigid and stable platform to minimize the
interference of vibration transmitted from the ground to the mirror. The
vacuum chamber should be supported from the floor via a pair of mild steel
support columns. The columns shall be fabricated from square section beams
and finished in an epoxy powder coat for corrosion protection.
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The mirror adjustment mechanism should provide movements in the x-
direction, z-direction, pitch, roll and yaw, controlled remotely by stepping
motors. The definitions of axes orientation and mirror motions are shown in
Figure 2.18.

X-Ray
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Roll

Yaw

z

y

x

 

Fig. 2.15 The orientation and motion of vertical focusing mirror system. 
 

 

Figure 2.18: The orientation and motion of the vertical focusing mirror sys-
tem

• The x-axis is horizontal and perpendicular to the beam, in the direction
away from the ring; positive denotes the outboard direction;

• The z-axis is normal to the mirror surface; positive denotes the upward
direction;

• The y-axis is horizontal and parallel to the beam, in the direction of
propagation of the X-ray beam; positive denotes the beam propagation
direction.

For the VFM, the pitch angle is more important than the other motions
in this mirror system. It determines the vertical focusing size at the sample
position and the energy range. Therefore, fine tune of the z-axis for the pitch
angle is required.

Each motorized movement is equipped with a high precision (5 1 µm)
electrical limit switch and a mechanical hard stop. The optical encoders
(including datum point) are preferred for monitoring all the linear transla-
tions in this system. The limit switches and the encoders for the in-vacuum
movements must be ultra-high vacuum compatible. Table 2.10 summarizes
performances of the motorized movements.
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Table 2.10: Specifications of the adjustment mechanisms of the vertical fo-
cusing mirror system

Motion Parameter Specification

Horizontal translation
(Coating exchange)

Range ± 30 mm

Resolution 5 0.5 µm

Repeatability 5 1 µm

Drive 2 in-vacuum stepping mo-
tors; Encoder

Vertical translation
(normal to mirror surface)

Range ± 20 mm

Resolution 5 0.5 µm

Repeatability 5 1 µm

Drive 3 in-air stepping motors

Pitch

Range ± 2 degrees

Resolution 5 0.5 µrad

Repeatability 5 1 µrad

Roll

Range ± 2 degrees

Resolution 5 2 µrad

Repeatability 5 5 µrad

Yaw

Range ± 2 degrees

Resolution 5 2 µrad

Repeatability 5 5 µrad

2.5.6 HFM & Mirror System

The horizontal focusing mirror (HFM) is located at 29.85 m away from
the source. It is placed orthogonally to the vertical focusing mirror and faces
leftwards (outboard) to form a configuration of the K-B mirrors. The two
coated stripes, mirror shape, slope error, roughness and grazing angle are
of the same settings as those of the VFM. To obtain a better focus at the
sample position, the mirror is also bendable with a slope error of 1 µrad.
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The detailed parameters are listed in Table 2.11.

Because the horizontal acceptance angle is larger than the vertical one,
the clear aperture of a three-fold length is required to collect rays of a diver-
gence of 83 µrad. Meanwhile, distortion of the mirror becomes lower when
using a longer mirror due to the effect of gravity. The layout of the HFM is
shown in Figure 2.19.

	   Figure 2.19: The 3D model of HFM and bender.

The design concept of the mirror systems is identical to that of the VFM.
There will be two lateral translation stages inside the vacuum chamber also.
The layout of the mirror system is shown in Figure 2.20.

The mirror adjustment mechanism should provide movements in the x-direction,
z-direction, pitch, roll and yaw, controlled remotely by stepping motors. Def-
initions of the orientations of the axes and mirror motions are shown in Fig-
ure 2.21.

• The x-axis is horizontal and perpendicular to the beam, in the direction
away from the ring; positive denotes the outboard direction;

• The z-axis is normal to the mirror surface; positive denotes the upward
direction;
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Table 2.11: The design parameters of the HFM

Parameters Specification

Shape Flat to Cylinderical, tangential bent

Description Reflection mirror

Substrate Material Silicon single crystal

Clear Aperture (CA) 650 × 40 (mm, longitudinal × sagittal)

Object distance 29.85 m

Image distance 5.15 m

Orientation of VFM Reflecting horizontally

Demag. ratio 5.8

Source collection
angle

Tangential acceptance : 83 µrad

Grazing angle 4.2 mrad

Coatings
One stripe coated with a 600 Å Rhodium layer

One stripe coated with a 50 Å (with ± 5% toler-
ance, best effort ± 2%) Rhodium layer over a 250
Å Platinum layer

Tangential radius (R)
Normal operation at R = 2.09156 km

Bending radius : 1.7 km to infinity

Sagittal radius (ρ) infinity (>5 km)

Tangential slope error
5 1 µrad FWRMS over 650 mm long × 40 mm
wide in the center of the mirror

Sagittal slope error 5 5 µrad FWRMS

Surface roughness 5 3 Å RMS

Aspect 10-5 scratch-dig

Cooling None

Vacuum pressure < 1 × 10−9 Torr (Ultra High Vacuum)



2.5. BEAMLINE DETAILED DESIGN 43

	   	  
Figure 2.20: The layout of mirror system for the horizontal focusing mirror.
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Fig. 2.18 The orientation and motion of horizontal focusing mirror system. 
 

Figure 2.21: The axis orientations and motions of the horizontal focusing
mirror system.

• The y-axis is horizontal and parallel to the beam, in the direction of
propagation of the X-ray beam; positive denotes the beam propagation
direction.

For the HFM, the pitch angle also determines the horizontal focusing size
at the sample position and the energy range. The difference from the vertical
focusing mirror system is that alignment of the X-rays is through the fine
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tune of the pitch angle.

Each motorized movement is equipped with a high precision (5 1 µm)
electrical limit switch and a mechanical hard stop. The optical encoders
(including datum point) are preferred for monitoring all the linear transla-
tions in this system. The limit switches and the encoders for the in-vacuum
movements must be ultra-high vacuum compatible. Table 2.12 summarizes
performances of the motorized movements.

Table 2.12: Specifications of the adjustment mechanisms of the horizontal
focusing mirror.

Motion Parameter Specification

Horizontal translation
(normal to the mirror
surface)

Range ± 20 mm

Resolution 5 0.5 µm

Repeatability 5 1 µm

Drive 2 in-vacuum stepping mo-
tors; Encoder

Vertical translation
(Coating exchange)

Range ± 30 mm

Resolution 5 0.5 µm

Repeatability 5 1 µm

Drive 3 in-air stepping motors

Pitch

Range ± 2 degrees

Resolution 5 0.5 µrad

Repeatability 5 1 µrad

Roll

Range ± 2 degrees

Resolution 5 2 µrad

Repeatability 5 5 µrad

Yaw

Range ± 2 degrees

Resolution 5 2 µrad

Repeatability 5 5 µrad
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2.5.7 Components List

The detailed components to be installed in this beamline are listed in
Table 2.13, in the order of traversing of the X-rays.

Table 2.13: List of the detailed beamline components.

Beamline
Components

Distance from
source, m

Length,
mm

Comp.
Air

DI-H2O

Front End

Primary slits -
√

Optical Hutch

Gate valve 21.432 70
√

Bellows 21.545 150

Fixed aperture 21.695 150
√

Bellows 21.845 150

Diamond filter 22.095 400

Diamond window 22.295 50
√

Bellows 22.395 150

Bremsstrahlung
collimator

22.620 350
√

Bellows 22.850 150

White beam slits 23.080 300
√

Bellows 23.305 150
√

White beam BPM 23.5 350
√

White beam screen 23.645 350
√ √

Gate valve 23.765 70
√

Nipple 23.885 170

Bellows 24.045 150

DCM 24.500 1100
√ √

Gate valve 25.085 70
√

Continued on next page



46 CHAPTER 2. PROTEIN MICROCRYSTALLOGRAPHY

Table 2.13 – Continued from previous page

Beamline
Components

Distance from
source, m

Length,
mm

Comp.
Air

DI-H2O

Bellows 25.200 150

Bremsstrahlung
stopper

25.470 380
√

Bellows 25.735 150

QBPM 25.826 35

Mono beam slits 25.970 250

Mono beam screen 26.225 260
√

Gate valve 26.390 70
√

Bellows 26.500 150

VFM 27.000 850
√

Bellows 27.500 150

Nipple 27.834 517

Gate valve 28.128 70
√

Mono beam slits 28.288 250

Bellows 28.492 150

Nipple 28.621 100

Screen 28.801 260
√

Gate valve 28.975 70
√

Bellows 29.199 70

HFM 29.850 1150
√

Bellows 30.500 150

Nipple 30.725 301

Gate valve 30.911 70
√

Mono beam slits 31.073 250

Bellows 31.272 150

Nipple 31.389 84

Continued on next page



2.5. BEAMLINE DETAILED DESIGN 47

Table 2.13 – Continued from previous page

Beamline
Components

Distance from
source, m

Length,
mm

Comp.
Air

DI-H2O

Screen 31.562 260
√

Nipple 31.773 165

Bellows 31.930 150

QBPM 32.025 35

Bellows 32.115 150

Gate valve 32.225 70
√

Photon shutter 32.463 400
√

Nipple 32.835 350

End station Hutch

Beryllium window 33.020 20

Sample position 35.000 -

2.5.8 Description of the Beamline Components

• Bremsstrahlung collimator: To block and define the radiative angle of
bremsstrahlung from the source

• White beam BPM: To inspect the beam position and profile; to measure
the vertical and horizontal directions independently

• White beam screen: To Inspect the beam position and profile; the
profile is read via a monitor system with a high resolution CCD and
software

• Bremsstrahlung stopper: To block all radiative angles of bremsstrahlung
from the source

• Monochromatic beam slits: To define the size of the monochromatic
beam and to minimize scattering

• QBPM: To monitor the beam position in real time; the output signal
can be fed into a feedback system to adjust the upstream optics, thus
the beam position
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• Photon shutter: To block the monochromatic beam from the optical
hutch temporarily to protect people working in the experimental hutch

• Gate valve: To isolate and protect the vacuum environment

• Bellows: To allow alignment of vacuum chambers

2.5.9 Heat Load Analysis

The high flux density and the accompanying high heat load from undu-
lator IU22 necessitate a comprehensive analysis of the beamline optics and
effective mechanical and cooling design to ensure stable performance. Al-
though the TPS ring will be run at 500 mA and the gap of the IU22 is 7
mm, we adopted higher beam current (600 mA) and a 5 mm gap (equivalent
to k = 2.06) for heat load analysis. The total power emitted from the IU22
is given by,

Pt = 0.633E2B2
0LI , (2.8)

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 the 3 meter-long IU22 in three
scenarios are listed in Table 2.14. The three scenarios are: the standard sce-
nario with a 7 mm gap and 500 mA ring current, the second scenario with a
5 mm gap and 500 mA, and the “worst case” scenario with a 5 mm gap and
600 mA. The power density distribution for the second scenario is shown in
Figure 2.22.

As shown in Table 2.14, the IU22 outputs 10.6 kW in the “worst case”
scenario. For the high flux density mode, most of the power is absorbed by
a water-cooled aperture with an opening of 83 × 25 µrad (H×V) at 18 m
from the source in the front end. In that case, the water-cooled first set of
slits outside the shielding wall receives much less heat load. The power of
the photon beam after slit set 1 is 116 W at 5 keV.

To protect the ring vacuum from beamline vacuum accidents, an X-ray
beamline usually employs metal windows such as a Be or a Diamond window
to separate the beamline vacuum from the ring vacuum. In the case of a
high power undulator, we choose diamond as the window material for its
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Figure 2.22: The flux density distribution of the IU22 under the second
scenario in Table 2.14. The maximum power density is 60.4 kW/mrad2.
Although the TPS ring will be operated at 500 mA and the gap of the IU22
to be set at 7 mm, we did a heat load analysis of a 5 mm gap, which will be
the target value of operation in the final stage.
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Table 2.14: Total power and power density from the IU22 under three sce-
narios. In the “worst case” scenario, the ring current is 600 mA, 20 % higher
than the design value of the TPS at 500 mA.

Stage

Gap Max. B0 Total Power

(mm) k (T) power density

(kW) (kW/mrad2)

Standard scenario 7 1.48 0.72 4.5 42.7

Second scenario 5 2.06 1.0 8.8 60.4

Worst case scenario 5 2.06 1.0 10.6 72.4
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high thermal conductivity. The optical and thermal properties of diamond
is discussed below.

The criterion for choosing the window thickness is to maintain usable
transmission at the lower energy end to about 2 Å. Results from thermal
and mechanical analyses (see below) show that a 200 µm-thick diamond
window provides good mechanical and thermal stabilities.

For the “worst case” scenario in Table 2.14, the power output after slit
set 1 will be sustained by the diamond window. The result of an analysis
by COSMOS under this condition is summarized in Table 2.15. The result
shows that the thermal stress of the diamond window is within the safety
margin. Figure 2.23 shows the temperature and thermal stress distributions
of the diamond window, from a COSMOS analysis.

Table 2.15: The temperature and thermal stress of the diamond window in
the “worst case” scenario.

Parameter Diamond window (200 µm)

Location (m) 22.1

Footprint (mm2, H × V) 1.84 × 0.56

Absorbed Power (W) 58.8

Avg. Power Density (W/mm2) 57.1

Max. temperature (K) 433

Thermal Stress (MPa)

199

(Acceptable thermal

stress is 1200 MPa)

Si(111) is used for the double crystal monochromator and the first crys-
tal has to withstand the intense white light beam. The flux density is even
higher for high incident angles. Side-cooling by liquid nitrogen with a flow
rate of 2 l/min is thus used for the crystals to maintain their stability. Our
calculation by COSMOS shows that after the diamond window, 60.5 W of
power is absorbed by the first crystal of the DCM with a light footprint of
1.55 mm × 2.0 mm (L ×W) and a maximum temperature of 107.4 K, when
the undulator is tuned to a k value of 2.06, as shown in Table 2.16.
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	  Figure 2.23: The temperature (upper) and thermal stress (lower) distribu-
tions of the diamond window in the “worst case” scenario.

The temperature distribution of the crystal is shown in Figure 2.24, and
the slope error of the crystal surface is shown in Figure 2.25.

A monochromatic beam is delivered to the downstream components after
the monochromator. According to the XOP calculation, the total power
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Table 2.16: Thermal parameters of the 1st crystal in the “worst case” sce-
nario.

Parameter 1st crystal

Location (m) 24.5 m

Crystal dimension (mm3 , L × W × T) 50 × 40 × 40

Footprint (mm2, L × W) at 5 keV 1.55 × 2.0

Absorbed Power (W) 60.5

Avg. Power Density (W/mm2) 19.5

Max. temperature (K) 107.4

Slope deviation (µrad) ±2.38
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Table 2.16: Thermal parameters of the 1st crystal in the "worst 
case" scenario. 

Parameters 1st crystal 
Location (m) 24.5 m 
Crystal dimension (mm3 , L × W× T) 50 × 40 × 40 
Footprint (mm2, L × W) at 5 keV 1.55 × 2.0 
Absorbed Power (W) 60.5 
Avg. Power Density (W/mm2) 19.5 
Max. temperature（K） 107.4 
Slope deviation (μrad) ± 2.38 

 

The temperature distribution of the crystal is shown in Figure 2.24, and the 
slope error of the crystal surface is shown in Figure 2.25. 

 

 

Figure 2.24: The temperature distribution of the 1st crystal in the "worst case" 
scenario. 

Figure 2.24: The temperature distribution of the 1st crystal in the “worst
case” scenario.
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Figure 2.25: The slope error of the crystal surface under the condition as in 
Figure 2.24. 

 

A monochromatic beam is delivered to the downstream components after the 
monochromator. According to the XOP calculation, the total power of light from 
the monochromator is less than 1 W; furthermore, the power density becomes 
lower when the monochromatic beam spreads over a mirror with a millradian 
grazing incident angle to form a large footprint. Thus cooling is not required for 
the monochromatic beam components.  

 

 

 

 

 

 

 

Figure 2.25: The slope error of the crystal surface under the condition as in
Figure 2.24.

of light from the monochromator is less than 1 W; furthermore, the power
density becomes lower when the monochromatic beam spreads over a mirror
with a milliradian grazing incident angle to form a large footprint. Thus
cooling is not required for the monochromatic beam components.
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2.6 End Stations

Due to a growing demand for beam time at synchrotrons around the
world, it is necessary not only to build new beamlines but also to increase
the efficiency with which users carry out their experiments.

Technology for protein crystallography has matured over the past 10 years
and all the procedures of the experiment could be controlled automatically
with minimal or even no human intervention. It increases the throughput of
the facility and extends the availability of this technique to a wider group of
users. For difficult research, human involvement is still necessary. 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 con-
trols will be available. In order to incorporate both automatic and manual
controls, there will be enough room for users to work in the hutch comfort-
ably. 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 users so they can focus on their research without putting too
much effort on control software. Figure 2.26 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-filling system

• CCD X-ray area detector (Rayonix HS series)

• Detector positioning system and a granite alignment table
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Figure 2.26: End station overview. 

The specifications of the main end station components are: 

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

 An offset of -100 to +250 mm along the vertical direction is needed for 
the area detector. 

 Travel range of the MD2 alignment table are ± 50 mm along both 

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

 Travel range of the detector alignment table are ± 50 mm along both 

horizontal and vertical directions, and ± 1.6 for pitch motion and  ± 2 
for yaw motion. 

 Travel range 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 Figure 2.27, the side view is shown 
in Figure 2.28, and the front view is shown in Figure 2.29. 

Figure 2.26: End station overview.

The specifications of the main end station components are:

• Sample to detector distance can be adjusted from 85 to 800 mm.

• An offset of -100 to +250 mm along the vertical direction is needed for
the area detector.

• Travel ranges of the MD2 alignment table are ± 50 mm along both
horizontal and vertical directions, and ±2 ◦ for both pitch and yaw
motions.

• Travel ranges of the detector alignment table are ± 50 mm along both
horizontal and vertical directions, and ±1.6 ◦ for pitch motion and ±2 ◦

for yaw motion.

• Travel range 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 Figure 2.27, the side view is
shown in Figure 2.28, and the front view is shown in Figure 2.29.
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Figure 2.27: Top view of the biological crystallography end station 

 

 

Figure 2.28: Side view of the biological crystallography end station. 

 

Figure 2.27: Top view of the biological crystallography end station.
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Figure 2.27: Top view of the biological crystallography end station 

 

 

Figure 2.28: Side view of the biological crystallography end station. 

 
Figure 2.28: Side view of the biological crystallography end station.
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Figure 2.29: Front view of the biological crystallography end station 

 

2.6.1 Automation 

Automation of the end station includes the following steps: 

1. Adjustment of beamline and the alignment table over different wavelengths 
will be automated, as well as the optimization of the beam intensity. 

2. Crystal mounting and dismounting are 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 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 crystals 
from the cryogenic storage to the diffractometer head and vice versa. 
Therefore, it limits the chance of ice formation and unwilling annealing. 

Figure 2.29: Front view of the biological crystallography end station.
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2.6.1 Automation

Automation of the end station includes the following steps:

1. Adjustment of the beamline and the alignment table over different
wavelengths will be automated, as well as the optimization of the beam
intensity.

2. Crystal mounting and dismounting are 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 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 crystals from the cryogenic storage to the diffractometer
head and vice versa. Therefore, it limits the chance of ice formation
and unwitting annealing. Third, it prevents equipment damage that
may result in a waste of beam time. The environment 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 the SAM[6] system, we will
continue to use it in this end station.

3. Crystal centering will be automated to incorporate a 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 can click-center
the crystal if the automation fails.

4. Data collection strategy: automation can be achieved with software
such as BEST[13] and RADDOSE[14]. 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.

2.6.2 Diffractometer Front End

The diffractometer front end is the first component of the whole end sta-
tion setup. It consists of two sets of XY slits for table alignment, three ion
chambers to monitor beam intensity, a filter set to attenuate beam intensity,
and a fast shutter to control exposure time on a crystal. Additional compo-
nents, such as a guard shield to minimize air scattering, will be included in
the micro-diffractometer. A helium flight path to minimize air absorption is
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necessary if longer wavelength is used.

The diffractometer front end is of a modular design and requires no addi-
tional window. Metal foils, such as selenium and copper foils, will be included
in the filter set for photon energy calibration. The slit system and the final
guard shield are motorized and can be easily controlled to match the beam
size to the sample size.

The diffractometer front end shown in Figure 2.30 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 selenium and copper foils will be put in the filter set for
energy calibration

	  

Attenuators

Guard shield

Shutter

Slits

Ion chamber

Ion chamber

Ion chamber

Slits

X-ray

Attenuators

Guard shield

Shutter

Slits

Ion chamber

Ion chamber

Ion chamber

Slits

X-ray

Figure 2.30: The layout of the diffractometer front end module. The guard
shield is included in the micro-diffractometer.
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2.6.3 Goniostat and Diffractometer

Alignment of crystal samples to the defined beam is more difficult for
small samples on micro-beam beamlines. Therefore, the diffractometer should
be able to provide clear video images of very small samples and the X-ray
beam at the same time. Based on the video images of the sample, the han-
dler should automatically move the sample to the rotation axis center (sample
centering), then by the video image of the X-ray beam, it can automatically
move the rotation axis to the X-ray beam center (sample alignment).

To increase the signal to noise ratio of data, one usually matches the
beam size to the sample size. During X-ray diffraction experiments, samples
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 this, the goniostat and the mag-
netic sample holder should be solid and sturdy. In addition, for the smallest
beam size to impinge on a sample as small as 5 µm, the sphere of error of
the single rotation axis should be less than 1 µm.

To deal 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 circle should be automatic and compatible with
a sample changer. It will be better if the system is integrated with a strat-
egy software program that is capable of giving suggestions for suitable kappa
angles.

The micro-diffractometer (MD2)[3, 4, 5] designed, manufactured, and de-
livered by EMBL/ESRF MAATEL is an adequate solution.

2.6.4 Alignment Table

The alignment table for protein crystallography end station should be
capable of adjusting the beam defining devices, diffractometer, and detector
to fit the incident beam axis, and providing a stable support for all those
devices during data collection.

In our previous experiences, it is very convenient to put all the devices
on one table. With the pre-aligned double slits, sample, and detector on
the same table, an alignment procedure of the main table can easily align
all devices to the incident beam by pitching, yawing, and translating them
along the vertical and horizontal directions. Because the double slits are
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pre-aligned with the detector rail, the beam position stays the same when
users change the distance of a sample to the detector. To achieve stability,
the main table has to be very rigid during such an operation. Granite is
commonly used for such a table due to its low deformation characteristic.

Although a granite table can keep the deformation to a minimum, it is
not unusual to see 10-micron positional drift relative to the beam when mov-
ing the detector back and forth. This drift usually comes from the alignment
rail gap and the unstable ground. A drift of 10 microns is tolerable for a
beam size of 200 microns, but for sizes as small as those of microcrystals and
microbeams, 10 microns are much too big.

To eliminate this drift, we will put the microdiffractometer MD2 and
the detector on two independent tables. Granite will be used for both the
lower and upper tables for the MD2 to ensure stability of the sample position.

The four degrees of freedom allows the MD2 to fit to the incident beam.
The detector table also has four degrees of freedom, and is capable of keeping
the detector rail parallel to the incident beam and directing the beam to the
same position. The equation of position of the detector table relative to
the MD2 table can be obtained. The detector table will move to its proper
position guided by the equation through computer control, once the MD2
table has finished its incident beam alignment.

2.6.5 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 with 0.1 to 1.5-degree rotational interval are taken, with an 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 anoma-
lous dispersive diffraction with collection of Friedel mates), data of a range of
rotating angles around an axis, typically between 30 and 180 degrees, must
be collected.

Taking into account of the kind of samples to be measured in the pro-
posed beamline, the requirements for a detector are a high readout speed, a
large detecting area, and a low background/readout noise. A high readout
speed permits collection of complete data sets in as short a time as possible,
and a fast, more versatile data acquisition. A large detecting area with a
good spatial resolution allows data to be collected at a higher resolution.
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Low background/readout noises make data as precise as possible for poste-
rior integration.

In addition to the traditional data collection experiment, shutterless con-
tinuous rotation method[15] is becoming an important technique for difficult
problems. Detectors such as the PILATUS family from Detrics[16, 17] and
the MX-HS series from Rayonix provide such capabilities. A comparison be-
tween MX300HS and Pilatus-6M is summarized in Table 2.17.

Pilatus is excellent for its high frame rate and zero readout noise, but
MX300HS, a new CCD detector from Rayonix, performs better for its higher
DQE at 1 Å, smaller pixel size, and even higher frame rate. Unlike PILATUS,
it has no count rate limit. Considering the kinds of data collection mode sup-
ported by this detector and performance, MX300HS is the preferred detector
to be installed at beamline 05A1.

2.6.6 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 computational facilities to allow data pro-
cessing and analysis. Support facilities for data processing (including data
backup) is desirable after the scheduled user session is 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 sys-
tem, a cluster of servers for computing and services, a large storage capacity,
and high-end workstations for data collection, data processing, phasing, and
structure determination.

2.6.7 Software

The data acquisition software BLU-ICE[18] is a flexible and easy to use
software with a graphical user interface to control beamline hardware, and
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Table 2.17: A comparison between Rayonix MX300-HS CCD detector and
Dectris Pilatus-6M pixel array detector.

MX300HS Pilatus-6M

DQE at 1 Å 0.87 0.69

Readout speed

1 msec 3−5 msec

10 frames/sec @ 78 µm
pixel size

15 frames/sec
@ 172 µm pixel

size

20 frames/sec @ 117 µm
pixel size

40 frames/sec @ 156 µm
pixel size

Readout noise < 1 X-ray photons 0

Pixel size

78 µm (2×2 binning)

172 µm117 µm (3×3 binning)

156 µm (4×4 binning)

Dynamic range 14−16 bits 20 bits

Count rate limit No Yes

Shuttered data
collection

Yes
Yes, but lower

throughput

Shutterless data
collection

Yes Yes

DCSS[18] was developed with a goal to handle diverse hardware systems in
a uniform way. Both pieces of software were developed at the SSRL and has
been adapted to BL-13B1 and BL-13C1 beamlines at the NSRRC. For remote
control, WebIce[19] and NX Server will be installed on site. Labelit, BEST
and RADDOSE will be used to calculate data collection strategy once test
images are 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 online. For data processing, scaling
and merging, HKL2000 (Denzo/Scalepack) and iMOSFLM will be available
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to users.

For phasing and refinement, the following software (and others, if avail-
able) will be available: CCP4, Solve/Resolve, SHELX, SHARP/autoSHARP,
CNS, and PHENIX.

For model building and publication, ARP/wARP, COOT, MolScript, Py-
MOL, RasMOL, and XtalView will be provided.

2.7 Radiation Safety

2.7.1 Bremsstrahlung Shieldings

The high energy bremsstrahlung is generated in two ways. The first is
called gas bremsstrahlung, which is produced when a high speed electron hits
a residual gas molecule in a synchrotron ring. The other is the radiation gen-
erated when the electron hits the wall of the ring. The bremsstrahlung can
happen anywhere. A shielding wall with a thickness of 1 m should provide
a rigorous protection to minimize the radiation hazard outside the storage
ring. However, the ports on the shielding walls for beamlines should be
treated carefully to prevent any possibilities of bremsstrahlung escape. Prior
to design of the bremsstrahlung shieldings in the beamline, positions of the
emitting points have to be clarified, followed by the selection of shielding ma-
terial and dimensions. In this beamline, the emitting points are defined at the
dipole source as well as the beginning of the turn section. The maximum ra-
diative fan is estimated according to the intersection of chambers of electron
orbits. Therefore, the dimension of the radiative area at the emitting points
is 68 mm and 30 mm for the horizontal and vertical directions, respectively.
In order to restrain the bremsstrahlung, three shields are used. The first is
a 300 mm-thick lead as a collimator on a port of the shielding wall. The
second is a block of lead with a thickness of 300 mm as a collimator located
in the beamline section. The last is a block of tungsten with a thickness of
300 mm as a stopper behind the second one to terminate bremsstrahlung. To
prevent the electromagnetic cascade of bremsstrahlung in shielding materials
orthogonal to the primary bremsstrahlung, the criterion of shielding dimen-
sion of lead is set at more than 50 mm wide from the edge of the radiative
fan. For tungsten, a width of at least 35 mm is required. The design of the
bremsstrahlung shieldings for the 05A1 beamline is shown in Figure 2.31.
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2.7.2 Radiation Hutch

Radiation hutch is enacted to exclude humans from the radiation area
and to suppress the dose of synchrotron radiation down to an approved level.
The radiation shielding of the 05A1 hutch is constructed according to the
radiation safety assessment report[20]. Not exceeding an accumulative dose
of 2 mSv per year is the basic criterion established by the NSRRC. Hutches
are built around two adjacent sections in this beamline. The upstream one
is the optical hutch while the downstream one is the end station hutch, as
shown in Figure 2.32.

Although scattering intensity of a monochromatic beam of X-rays in the
optical hutch is low, all shielding walls, including the side wall, end wall,
and roof, are held to the same standard of a white beam hutch. In order to
reduce the dose, calculations concerning the shielding materials and thick-
nesses had been done by the Radiation & Operation Safety Division of the
NSRRC. It is well known that heavy atom materials such as lead can provide
a good level of radiation suppression. However, due to the property of lead,
a thin lead plate with a large area is too flexible to stand upright. Thus, the
lead plate is placed in between two rigid iron plates to provide a structural
strength. The thickness of each plate is 3 mm in this calculation. The hutch
roof is removable for transports of the optics. In the end station hutch, only
monochromatic X-rays are present. Apart from the wall separating the op-
tical hutch from the end station hutch, the side walls and roof of the end
station hutch are made of iron plates with a thickness of 3 mm. Consider-
ing that the upstream wall of the end station faces the incoming X-rays, a
better shielding using the above-mentioned sandwich structure but with only
1 mm-thick lead is used. Both hutches have their own winches to help the
installation of heavy systems in them.

The height of a hutch is limited to less than 3.45 m, constrained by the
liquid nitrogen transport line and the space required to lift the shielding roof
off the front end. In order to optimize the capacity of the end station hutch
to accommodate large instruments, the instrument racks are placed toward
the downstream side of the hutch. To improve the thermal stability of the
optics, a heat exchanger is utilized to control the temperature in the optical
hutch to within 1 ◦C. For the same reason, heat sources such as ion pump
controllers and cryo-coolers are situated outside the optical hutch.

Particular Demands

• Supplying the liquid nitrogen cryo-line into the end station for low
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temperature experiments

• In addition to the essential power for instruments, dedicated circuits
providing powers of three phase 380 V/32 A and three phase 208 V/80
A are required for the data storage room with air conditioning and the
area detector.

Alarm and Protector There are two emergency stop buttons, one each
in the optical hutch and the end station hutch, to dump the electron beam in
the storage ring in case of emergency, to protect people from the radiation.
An oxygen sensor with an alarm is installed near the cryo-cooler to monitor
the oxygen level. Gas cylinders are secured with immovable clamps to meet
the safety regulation.

2.7.3 Control

Stepping motors are mostly selected for precise control of motions of com-
ponents such as mirrors, monochromators, slits and beam position monitors
(BPMs). To conform to the protocol of the EPICS control system at the
NSRRC, we have adopted the stepping motor controller Galil DMC-4080 as
the standard type. This type of controller has the capability of controlling up
to 8 motors via the communication interfaces of either Ethernet port or RS-
232 serial port. Furthermore, it can drive 4 motors simultaneously. Either
digital input or analog input is available and only digital output is supplied.
In addition to the standard type, other controllers for the special application
can also be integrated into the control software if the controller is compatible
with the EPICS protocol. The software for controlling the beamline compo-
nents includes SPEC and LabVIEW programs.

Pneumatic cylinders are used to drive components such as photon screens
and photon shutters. The latter aim to intersect the beam quickly based on
the safety consideration.

We adopt programmable logic controller (PLC) as the core device for the
interlock system of the beamline. It controls the interlock of hutch doors,
vacuum environment, and the cooling system. The data log of the beamline
condition is available for safety analysis. The status signal sent from the
front end is integrated into the beamline interlock system.
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2.8 Schedule

Figure 2.33 shows a tentative construction schedule grouped into major
tasks for the 05A1 beamline.

Year
Task

2011 2012 2013 2014 2015 2016

Completion of

conceptual design

Engineering design

of major components

and enclosure

Long-lead time

procurements of

major components

and enclosure

Completion of

final design

Procurement and

installation

Subsystem testing

and integrated

testing

Beamline

commissioning

Crystallography

commissioning

Official opening

Figure 2.33: Schedule for 05A1 Beamline Construction.
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2.9 Commissioning Plan

A small, intense, and stable X-ray beam is essential for protein crystallog-
raphy. To perform a successful microdiffraction experiment, the key factors
are: (1) matching the beam size to the sample size; (2) a stable beam posi-
tion; and (3) a stable sample position. Our approach to achieve a microbeam
is using apertures to reduce the beam size after the focusing mirrors, which
is an effective method to maintain a stable beam position. Users will ben-
efit from fast switching of the beam size between the standard beam (∼ 50
µm) and the microbeam (∼ 20−5 µm) within a very short time (only a few
seconds). This flexibility brings forth major benefits in terms of how crys-
tal samples can be characterized and measured using different sizes of X-rays.

Upon completion of installation of the beamline components and end
station equipment, the construction team will carry out studies to assess the
optical performance. The commissioning plan contains three parts: beamline
commissioning, commissioning with standard crystals, and core user commis-
sioning.

Beamline Commissioning

The following are specific tasks for beamline commissioning:

• Check for beam focus and positional stability: beam position stability
depends strongly on the cooling performance and mechanical stability
of the X-ray optics such as the monochromator and the K-B mirrors.

• Energy calibration at the Se K -edge

• Beam size measurement and optimization at the focus

• Flux measurement

• Study of the energy resolution

• Study of the energy reproducibility

• Study of the energy stability

• Study of the high harmonic ratios

• Study on the variation of the DCM exit beam position
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Commissioning Studies with Standard Crystals and Microcrystals

• The coincidence of the beam, the crystal and the rotation axis: should
be within a bit more than one µm.

• Crystal handling and mounting

• Crystal centering and alignment

• Crystal positional instabilities: crystal positional instabilities induced
by mechanical shock or the LN2 cooling stream will cause a perturba-
tion in the shapes of high resolution diffraction spots.

• Crystal screening

• Data collection strategy for microbeam diffraction

• Measurement of diffraction data from microcrystals: comparison be-
tween microbeam and standard beam data collections

• Insulin and lysozyme (S-SAD)

• Br-soaked lysozyme (Br-MAD)

• Myoglobin (Fe-MAD)

• Chymotrypsin (Large unit cell)

• Rubredoxin (Ultra-high resolution)

Core User Commissioning Studies

The core user commissioning mode precedes the official opening. The final
3 months of the commissioning period will be devoted to core user studies.
During this period, the beamline will be in full-time operation.

2.10 Construction Team

The construction team is formed by the following members.
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Table 2.18: Construction team members.

Title Name Position and Affiliation

Team
Yuch-Cheng Jean

Associate Scientist, Protein Diffraction Group,
Leader Experimental Facility Division, NSRRC

Team
Members

Din-Goa Liu
Assistant Scientist, Optics Group,
Experimental Facility Division, NSRRC

Chun-Hsiung Chao
Assistant Scientist, Protein Diffraction Group,
Experimental Facility Division, NSRRC

Yen-Ju Chen
Assistant Scientist, Life Science Group,
Scientific Research Division, NSRRC

Chien-Hung Chang
Associate Engineer, Beamline Group,
Experimental Facility Division, NSRRC

Chin-Yen Liu
Associate Engineer, Beamline Group,
Experimental Facility Division, NSRRC

Jwei-Ming Juang
Assistant Engineer, Beamline Group,
Experimental Facility Division, NSRRC

Chia-Feng Chang
Research Assistant, Beamline Group,
Experimental Facility Division, NSRRC

Chien-Chang Tseng
Research Assistant, Protein Diffraction Group,
Experimental Facility Division, NSRRC

Cheng-Hung Chiang
Research Assistant, Protein Diffraction Group,
Experimental Facility Division, NSRRC

Chung-Kuang Chou
Research Assistant, Protein Diffraction Group,
Experimental Facility Division, NSRRC
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