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Progress of Design and Construction of Phase-I Beamlines at

TPS

The Taiwan Photon Source (TPS) with low emit-
tance provides extremely bright X-rays up to 10*' pho-
tons s’ mm~? mrad”. To illuminate a new era of fruitful
photon science for Taiwan researchers, seven advanced
phase-lI beamlines are proposed and are being con-
structed as shown in Fig. 1.

The advanced techniques of phase-l beamlines
include the following.

. Protein microcrystallography

. Temporally coherent X-ray diffraction

. Submicron X-ray diffraction

. X-ray nanoprobe

. Coherent X-ray scattering

. High-resolution inelastic soft X-ray scattering
. Submicron soft X-ray spectroscopy
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These beamlines are scheduled to open to users in the
middle of 2015. The detailed technical specifications

and progress of construction are reported as follows.

Protein Microcrystallography

For all biomedical users in Taiwan, a beamlilne for
protein microcrystallography is designed and built by
the Beamline Group and the Protein Diffraction Group
at NSRRC. This beamline aims to tackle challenging
crystallography projects of important biological mol-
ecules, such as membrane proteins, large protein com-
plexes and viruses.

To meet the experimental requirements of users,
the following components have been chosen for the
beamline, including a three-meter undulator (1U22)
insertion device, a Si(111) double-crystal monochroma-
tor, and a pair of Kirkpatrick-Baez (K-B) mirrors. The
size of the focal spot is 50 ym (horizontal) X 30 pm
(vertical) at 1A wavelength, and the flux at the sample
position is 4X 10" photons s'. The beam size can be

tuned with a set of pinholes down to 5 pm’
within a few seconds. Aiming not only for

1 A Multi-wavelength Anomalous Disper-
sion (MAD) phasing experiments but also
for 2 A Single-wavelength Anomalous
Dispersion (SAD) phasing experiments, the
beamline is able to provide wide and ac-
curate tunability of X-ray energy in a range
5.7 -20keV (2.175 - 0.620 A).

The key components in the end sta-
tion include a Charge Coupled Device
(CCD) X-ray detector (Rayonix MX300HS)
at frame rate 10-40 frames/s for both shut-
tered and shutterless data collection, a
high-speed (130° sh, highly precise (<1
pm sphere of confusion (SOC) radius) air-
bearing goniometer for an inverse beam
and the necessary stability for the collec-
tion of data from microcrystals, on-axis
video to provide accurate crystal centering
without parallax error, a mini- £ head for
difficult experiments that require crystal re-
orientation, a SSRL-style automatic sample

Fig. 1: Floor map of seven phase-1 beamlines at TPS.

changer for high-throughput screening, and
a heavy-duty experimental table to support
all equipment in an accurate position.
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Fig. 2: Three-dimensional scheme of the beamline for protein microcrystallography. Upper: Scheme of the beamline. Lower right: Beamline
scheme without the roof. Lower left: Close look of the beamline optics.

With control software BLU-ICE, this fully auto-
mated facility is suitable for crystal screening, data col-
lection at high resolution, structure determination de
novo, and collection of crystal data for a large unit cell.
In addition, a capability of remote access enables inter-
national collaboration between research groups. This
beamline is scheduled to open to users in 2015.

Temporally Coherent X-ray Diffraction

Information about the static and dynamic structure
of matter is most desirable in the physics of condensed
matter, chemistry, biology and material science. In
terms of space, the atomic arrangements in materials
can be understood; in terms of time, the interactions,

Fig. 3: Optical layout of the beamline for temporally coherent X-ray scattering. KBM stands for K-B mirrors.
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reactions and functions of materials can be delineated.
X-ray diffraction is well known to be a powerful method
to probe the structure of materials with atomic resolu-
tion. The beamline for temporally coherent diffraction
is dedicated to the investigation of static and dynamic
structure with hard X-ray diffraction or scattering as the
core experimental technique. It is designed to perform
temporally coherent X-ray diffraction, ultra-rapid tem-
porally resolved X-ray scattering in a pump-and-probe
fashion, and measurements of magnetic X-ray scatter-

ing.

The beamline has been designed to have two end
stations operated in a time-sharing mode to satisfy
various experimental requirements. The target spectral
range of the beamline falls between 5 and 25 keV,
which covers the K-edge of most transition metals and
the L-edge of rare earths and actinides. Two undula-
tors (length 3 m, period 22 mm, [U22) are adopted
as the light source. One K-B focusing mirror system
is implemented to decrease the beam size to tens of
micrometers at the second end station. The optical ar-
rangement of the beamline is shown in Fig. 3. The
ultra-high energy resolution (AE/E ~10°) required for
the temporally coherent X-ray diffraction tests will be
provided with a high-resolution monochromator (HRM)
with four diffraction crystals. When the HRM is moved
from the beam path, ultra-rapid temporally resolved
measurements will also be performed at end station 1.
The introduction of a pair of K-B mirrors after end sta-
tion 1 will focus the beam onto end station 2, at which
a magnetic X-ray scattering facility will be set up. The
estimated performance of the beamline is summarized
in Table 1. This beamline is scheduled to open to users
in 2015.

Table 1: Summary of performance of the two end stations.

Submicron X-ray Diffraction

With the advantage of synchrotron radiation tech-
nology, new experimental tools and methods are being
developed to add to a list of useful tools for microscopic
examination. Aside from the traditional X-ray diffrac-
tion of powder samples, or polycrystalline or even sin-
gle-crystalline materials, several new techniques have
been initiated and are being exploited for their prospec-
tive applications to problems of real materials. Among
those, the beam of micrometer, or even nanometer, size
for 3D structural microscopy is an advancing technique
with international recognition. This technique takes
advantage of a third-generation synchrotron radiation
source as it requires great brilliance and energy tun-
ability in the high-energy X-ray spectrum. It uses either
polychromatic or monochromatic synchrotron X-rays
with a focusing device utilizing a K-B mirror. Diffrac-
tion images are recorded on a 2D detector; the depth
resolution is achievable with a differential aperture tra-
versing the surface of the specimen. Analysis of images
recorded at varied wire positions via an image recon-
struction algorithm yields information at varied depths,
thus enabling 3D information to be discerned.

The 3D beam tracing from the diffraction images
obtained with a differential aperture can yield depth
information; a computer software package has been de-
veloped to accomplish this objective. The differential-
aperture X-ray microscope (DAXM) method is general
and applicable to single-crystalline, polycrystalline,
composite, deformed, functionally graded materials
etc. Two seminal papers are described below. White-
beam Laue patterns from X-ray microbeams provide lo-
cal structure, orientation and elastic strain tensors with
3D sub-micrometer spatial resolution, demonstrated by
Larson et al. in Nature 415, 887 (2002).

Monochromatic DAXM tech-
niques have been developed also
to measure an absolute lattice pa-
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rameter with 3D, as illustrated by

Photon source 1U22 Levine et al. in Nature Mater. 5, 619
Energy range (keV) 5.4-25 (2006). These capabilities provide
Flux with Si(111) DCM (photons s" ) 4x10" a. direct link t(_) theory, SlmUI_a-

: - ; tion and modeling of the material
Flux with HRM (photons s” ) 4x10 ‘ microstructure and its evolution
AE/E with DCM 1.5x10° on a mesoscopic length scale.
AFE with HRM 1x10° We thus create an approach to

: develop new smart materials.
Beam size ( pm), HxV, FWHM 600 x 600 ‘ 30x20
Contamination of high harmonics 1x 10"




The user community of material research in Taiwan
proposes to build a dedicated beamline at TPS for ap-
plications of micro- or nanometer X-ray beam diffrac-
tion in material analysis, further develop this technique
and apply it to real materials of practical interest. This
beamline will be open for general users in 2015.

Because of the low emittance of Taiwan Photon
Source and focus mirrors at the state of the art, the
beam size is routinely expected to be 100 nm X100
nm (FWHM). A new design of the differential aperture
combined with a scanning probe microscope (SPM)
provides improved depth resolution. The spatial resolu-
tion is expected to be about 100 nmX 100 nm X 15 nm,
which allows great spatial resolution to examine the
local structure of materials on a nanometer scale. Com-
bined with X-ray phase-contrast image, it will be an
ideal tool to map the distribution of imperfection and
strain buried in bulk materials or complicated devices,
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e.g., a flip-chip package. We can also use a scanning
electron microscope to observe the surface morphology
and further position the sample where we are interest-
ed.

We can investigate the following potential topics
with microdiffraction at TPS:

1. Strain and orientation distributions with real-
time X-ray images in package materials

2. Correlation between residual strain behavior
and crystal orientation in metal-oxide thin-film
materials

3. Strain distribution and growth mechanism in
functional nanorods or nanowires

4. Real-time phase transformation and orientation
evolution of rapidly annealed thin-film mate-
rials

Fig. 4: Schematic diagram of the beamline for submicron X-ray diffraction.
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Table 2: Design specifications of a beamline for submicron X-ray

diffraction.

Specification

Photon source Tapered 1U22
Energy range (keV) 7-25
Flux with Si(111) QCM (photons s ) 1x10%
Flux (photons s? ) 1x 10
AE/E with QCM 1.5x10*
Beam size (nm), HxV, FWHM 100 x 100

X-ray Nanoprobe

The beamline for a X-ray nanoprobe (XNP) is de-
signed to utilize the highly brilliant TPS light source to
resolve the atomic, chemical and electronic structures
of semiconductor-based devices with spatial resolution
~20 nm in tomographic and non-destructive manners.
The beamline will provide conventional X-ray probes
including X-ray fluorescence (XRF), X-ray absorption
fine structure (XAFS) and X-ray-excited optical lumines-
cence (XEOL). In parallel, emerging techniques, such
as Bragg-ptychography (BP), will be developed for the
strain dynamics in nanodevices. An off-line SEM will
serve as a complementary surface probe.

The beamline consists of one horizontal focusing
mirror (HFM) and a horizontally diffracting monochro-
mator before the nano-focusing optics. It will operate
without X-ray windows, maintaining a vacuum en-

vironment from the upstream beamline optics to the
samples. The nested Montel mirrors are chosen as the
nano-focusing optics for reasons of ease of alignment,
achromatic nature in a wide range of energy and a
large photon throughput. The ultimate focal spot is ex-
pected about 40 nm at the sample, with a photon flux
at a level 10" - 10" photons/s with energy resolution
2X10™

As a brief summary, the design features of the
beamline are outlined as follows:

1. Focusing optics (nested Montel mirrors)

2. Spatial resolution (40 nm with focusing optics,
less than 10 nm with a coherent technique)

3. Light source (energy range 4 - 15 keV, flux >
10'%/s @ sample)

4. Beamline design (two-stage horizontal focus
with deflective optics)

5. Horizontal deflection geometry for DCM

6. Multi-axis and linear stage with sub-nm preci-
sion or better

7. Probes (n-XAF, n-XAFS, n-XEOL, Bragg-pty-
chography, SEM)

This beamline is scheduled to open to users in 2016.

Coherent X-ray Scattering

The extremely brilliant and highly coherent X-rays
to be provided by the 3-GeV TPS will open an opportu-
nity to study the dynamics in the microsecond domain,

Fig. 5: Optical layout of the beamline for an X-ray nanoprobe.
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Fig. 6: Optical layout of the beamline for coherent X-ray scattering.

with direct access to the dynamic response function
S(Q,1), which is of central importance for material sci-
ence. The access to coherent X-rays at TPS provides
the possibility to build a facility for X-ray photon cor-
relation spectra (XPCS). XPCS provides the temporal
changes in speckle patterns produced when coherent
light is scattered by a disordered system. XPCS is an ef-
fective method to study the fluctuations and dynamics
of a disordered system. A main advantage of this meth-
od is the possibility to study the dynamics that comprise
many collective processes, such as diffusion of colloids,
complicated fluids, polymer blends, clays, capillary
fluctuation, liquid-crystal membranes, non-equilibrium
dynamics, binary alloys, metal/polymer nano-compos-
ites, and charge-, spin- and orbital-ordered domains.

The Coherent X-ray Scattering (CXS) beamline is
located at port 25 of TPS, which is a straight section of
length 12 m. The magnetic optics at this straight sec-
tion is set up as a configuration of double minimum B,.
The corresponding vertical size, vertical divergence,
horizontal size and horizontal divergence of electron
beams are about 5.28 ym, 3.03 prad, 164 pm and 13.7
prad at the minimum positions, respectively. The pho-
ton source of the CXS beamline is irradiated from two
undulators 1U22 in vacuum. Each undulator consists of
92 magnet periods; each period has length 22 mm. The
maximum deflection parameter is 2.07475 for a 5-mm
gap setting.

The CXS Beamline is focused mainly on small-
Q XPCS with excellent SAXS capability. The beamline
specifications follow.

Photon source: 1U22 x 2
Energy range: 5 — 20 keV
Energy resolution: 10 (Si 111)
Coherent flux: ~ 10" photons/s
Beam size: 10 microns

6. Contamination of high harmonics: < 1/1000
The available length of the beamline is about 74 m. The
greatest distance from the sample to the detector is 12
m. The optical layout of the CXS beamline is shown in
Fig. 6. This beamline is scheduled to open to users in
2016.

High-Resolution Inelastic Soft X-ray
Scattering

Resonant inelastic X-ray scattering is a powerful
bulk-sensitive and emerging technique among synchro-
tron radiation-based spectra, enabling one to address
the complicated excitation behavior near the Fermi
level. A high-resolution, inelastic, soft X-ray, scattering
beamline is proposed to TPS to explore the collective
low-energy excitations and local d-d excitations of
strongly correlated electron systems. The key com-
ponents of this beamline are an active-grating mono-
chromator (AGM) and an active-grating spectrometer
(AGS) (optical layout shown in Fig. 7) that is based on
an energy-compensation principle. Combined with the
highly brilliant soft X-rays from TPS, the collection effi-
ciency of the signal (of IXS) at this beamline will be 500
times that of a conventional SGM design; the resolving
power can attain 20,000.

The AGM-AGS beamline will use port 41 of the
TPS ring. Two EPU48 sources (3.3 m) will be installed
in the straight section (length 12 m) to select photons to
match the high-flux throughput required. The AGM and
AGS have gratings with varied line spacing, mounted
on a bender to focus the dispersive and IXS signals on
the sample position and detector, respectively. Two
horizontal, re-focusing mirrors near the sample will
increase the efficiency of signal collection about five
times. The AGS system will be mounted on a rotational
frame to achieve a scope with a continuous angle from
0 to 145° to obtain the resolution of momentum transfer
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Fig. 7: Optical layout of the beamline for high-resolution inelastic soft X-ray scattering (HR-IXS). .

in an analysis of the charge and magnetic ordering of
a measured sample. With these advanced X-ray spec-
tra, the detailed electronic and magnetic structure and
ground-state properties of materials can be well inves-
tigated. This beamline is scheduled to open to general
users in 2015. The beamline specifications follow.
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Photon source: EPU x 2
Energy range: 450 - 1,200 eV
Photon flux: > 10" photons/s
Resolving power: > 20,000
Beam size: < 10 ym (FWHM)

Fig. 8: Optical layout of the beamline for submicron soft X-ray spectroscopy.
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Submicron Soft X-ray Spectroscopy

The Max-Planck-Institute for Chemical Physics
of Solids, Dresden Germany (L. H. Tjeng, Z. Hu) and
NSRRC (C. T. Chen, H. J. Lin) proposed the construc-
tion of a new and unique soft-X-ray (400-1,500 eV) un-
dulator beamline at TPS. The key characteristics of this
beamline are (1) a beam spot of size smaller than 1 pm
X1 pm, and (2) a photon energy resolution better than
20 meV at 700 eV. The small beam spot allows also to
conduct high-performance X-ray emission experiments
at a side-branch beamline proposed by Tamkang Uni-
versity (W. F. Pong).

For the soft X-ray range, we chose undulator
EPU46 as the source for the first phase of construction
of a beamline for submicron soft X-ray spectroscopy at
TPS. This beamline is primarily designed to focus on
X-ray absorption and photoemission measurements of
3d, 4d and 5d transition-metal and rare-earth related
materials that require an energy range 500-1,200 eV.
In particular, the performance is optimized at 750 eV.
Because we seek to resolve the possible highly detailed
band mapping and Fermi edge, the resolving power of

Table 3: Optical parameters of grating and K-B mirrors.

the beamline must attain 35,000 at 700 eV. The supe-
rior flux of light improves the ratio of signal to noise
of a spectrum. Because the source flux is limited, the
resolving power of the beamline is an inverse function
of its flux. It is necessary to find a compromise between
the resolving power of the beamline and its flux.

Because of the low emittance of the TPS ring, at
current 500 mA and a minimum gap 18 mm, the bril-
liance between 400 and 1,500 eV calculated with
SPECTRA [1] is greater than 6 X 10" photons s mr”
mm~ per 0.1 % BW. For an operational range of energy
450-1,500 eV using the first harmonic, the brilliance
will attain 4 X 10" photons s mr* mm? per 0.1 % BW
with a flux above 1X 10" photons s mr* mm™ per 0.1
% BW.

The size of the horizontal source varies insignifi-
cantly in the energy range 450-1,200 eV, with a RMS
value about 120 pm (H). The RMS value for the verti-
cal source size is 14 pm. The variation of divergence
over this energy range is 27 to 20 prad in the horizontal
and 20 to 10 prad in the vertical axes. This beamline is
scheduled to open to general users in 2015.

Grating HFM VFEM DM VRF HRM
Ruling density (lines mm 1) 1,200
Energy range (eV) 500 - 1,200
Type Active Cylindrical Cylindrical plane Cylindrical Cylindrical
Profile Bendable Bendable plane elliptical elliptical
Deviation angle (degree) 174 177 177 176 177 176
R1/R2 (m) 245147 2711.8 710.7 12.9/0.3
Coating / substrate Au/ Si Au/ Si Au/ Si Au/ Si Au/ Si
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