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Introduction
As the first synchrotron light source of NSRRC to 
serve public users beyond two decades, Taiwan Light 
Source (TLS) is capable of storing an electron beam 
up to 360 mA at energy 1.5 GeV.  Being a third-gen-
eration light source, the electron storage ring of TLS 
has circumference 120 m of six-fold symmetry with 
6-m straight sections for injection, radio frequency 
(RF) cavity and long insertion devices, respectively. A 
significant maintenance effort is required to enable 
this mature accelerator to function regularly at high 
availability and excellent stability; as a result the TLS 
accelerator still features top-up injection, supercon-
ductive RF-module operation, and various traditional 
and superconducting insertion devices.

TLS machine parameters
Table 1 lists the major beam parameters of the TLS 
storage ring. This accelerator has a compact circum-
ference and only four straight sections available for 
long insertion devices; short superconducting (SC) 
magnets are installed at small gaps to accommodate 
the demands to provide more beamlines with high 
brightness. An SC wavelength shifter is located be-
tween injection kickers K3 and K4 at the injection 
section; one SC wiggler is situated downstream of the 
superconducting radio frequency (SRF) module; three 
in-achromat SC wigglers (IASW) squeeze between 
the bending magnets at separate bending sections. 
Accompanying the traditional insertion devices 
(EPU56, U50, U90, and W200), nine insertion devices 

Status of the TLS Accelerator

Energy (GeV) 1.5
Number of buckets 200
Current (mA) 360
Bunch length (ps) 31
Horizontal emittance (nm rad) 22
Vertical emittance (pm rad) 88
Tunes (νx/νy) 7.302/4.17
Vertical (rms) orbit stability (μm) 1.0
Coupling (%) 0.4
RF voltage (MV) 1.6
Lifetime (hour) 6

are amazingly equipped inside the compact storage 
ring of TLS as Fig. 1 shows. Table 2 lists the main 
parameters of these insertion devices.

Table 1: Beam parameters of TLS storage ring

Statistics of TLS machine operation
From the beginning of the 200-mA top-up injection 
operation in 2005 October, TLS gradually increased 
the stored beam current to 360 mA in 2010 and 
stayed there in the following years because of the 
limitation of available RF power after installation of 
the SRF module. We always aimed to improve the 
performance of the facility as indicated by availabil-
ity, mean time between failures (MTBF) and beam 
stability index. Availability is defined as the ratio of 
delivered user time to the scheduled user time; MTBF 
as the ratio of scheduled user time to number of 
faults; the beam stability index is the time ratio of the 
photon intensity variation shot to shot of the diag-
nostic beamline better than 0.1%. Together with the 
scheduled user time and the operating mode, these 
performance indicators for TLS operation from 2003 
to 2016 are listed in Table 3. Figure 2 shows the 
related performance indicators from 2006, while the 
accelerator operation was steady.

Fig. 1:  Layout of TLS accelerator. 

The operational perfor-
mance of TLS in 2016 
is mostly better than 
in 2015; on the basis 

of scheduled user time 
5526 h, the delivered 

user beam time was 
5427 h, to achieve avail-

ability 98.2%; the MTBF 
and the beam stability 

index increased to 100.5 
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Fig. 2: Summary of beam stability index of 0.1%, availability and MTBF of TLS from 2006 
to 2016.

   Table 2: Summary of TLS performance indicators

W200 U50 U90 EPU56 SWLS SW60 IASWA IASWB IASWC
Type hybrid hybrid hybrid pure SC SC SC SC SC

λ (mm) 200 50 90 56 N/A 60 61 61 61
Photon energy 

(eV)
800-15k 60-1.5k 5-500 80-1.4k 2k-38k 5k-20k 5k-20k 5k-23k 5k-20k

Bmax (Tesla) 1.8 0.64 1.245 0.67(0.45) 6 3.2 3.1 3.1 3.1
Installation 12/1994 03/1997 04/1999 09/1999 04/2002 01/2004 12/2005 06/2009 02/2010

Location sec. 5 sec. 3 sec. 6 sec. 2 sec. 1 sec. 4 arc sec. 6 arc sec. 2 arc sec. 4

h and 97.5%, respectively. Once an original component of old type aged 
to show poor performance, it was upgraded to a new module as soon as 
practicable.  For example, the power supplies of the quadrupole magnets 
were all replaced with new ones, the same modules as used for TPS. The 
beam performance then gradually improved. Illustrated in Table 4 is the 

   Table 3:  Summary of TLS performance indicators

Year
Scheduled 
user time 

(hour)
Availability

MTBF 

(hour)
Operating 

mode

Beam  
stability

ΔI/I0 < 0.1%
2003 5017 97.2% 313.6 decay 86%
2004 4235 97.5% 132.3 decay 85%
2005 4576 96.8% 81.7 decay/top-up 76%
2006 5552 96.7% 40.8 top-up 81.3%
2007 5219 98.1% 85.6 top-up 98.1%
2008 5726 97.9% 112.3 top-up 98.5%
2009 5402 97.9% 77.2 top-up 89.2%
2010 5286 97.4% 81.3 top-up 82.1%
2011 5818 95.9% 55.4 top-up 89.4%
2012         5197 98.1% 44.8 top-up 91.4%
2013 5178 99.5% 140 top-up 95.5%
2014 5645 99.4% 182.1 top-up 94.1%
2015 5327 98.7% 84.6 top-up 87.7%
2016 5526 98.2% 100.5 top-up 97.5%

monthly beam stability index of 
TLS; it was satisfactory all year. The 
scheduled user time, beam avail-
ability, beam stability index 0.1%, 
and MTBF of each quarter in 2016 
are shown together in Fig. 3; the 
accelerator performance obviously 
greatly improved since mid 2015 
and continued well in 2016.

Replacement and improve-
ment of main components
Linac: 
• Linac klystron filament was re-

placed with a new power-supply  
component. 

Power supplies of magnets:
• The circuit performance for noise 

rejection of the TLS kicker was 
improved.

• A full-sine-wave power supply 
for the septum magnet was 
implemented.

Instruments and controls:
• A second power-amplifier loop 

on the vertical transverse-feed-
back  system was upgrated to 
enhance the feedback power. 

• EPICS (experimental physics and 
industrial control system) control  
interfaces for the injection wave-
form display were updated.

Lattice: 
• The chromaticity of storage ring 

was minimized.

Environmental monitor: 
• Ethernet cameras inside the 

shielding tunnel for remote 
monitoring and recording were 
installed.
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RF system: 
• Beam processing on the SRF module was applied by adjusting various 

tuning angles with large beam currents after a scheduled shutdown pe-
riod, to increase the reliability of the RF system as a vacuum burst event 
in a SRF module was eliminated.

    Table 4: Monthly beam stability index of TLS

Month < 0.1% < 0.2% Month < 0.1% < 0.2%

January 95.3% 99.9% July 97.0% 99.9%

February 98.0% 99.9% August 95.9% 99.8%

March 99.0% 99.9% September N/A N/A

April 99.5% 99.9% October 98.1% 99.8% 

May 97.1% 100.0% November 97.5% 99.8% 

June 97.0% 99.9% December 97.7% 99.8% 

Downtime and failure 
analysis
In 2016, in total there were 55 
beam trips with an average recov-
ery time 1.8 h for each trip event. 
As Table 5 illustrates, 11 beam 
trips were attributed to others, 
including partial beam loss, sag of 
electric power and earthquakes; 
5 faults to power supplies of the 
magnets, nine faults to SC mag-
nets and six failures of the injec-
tion system, including incorrect fir-
ing of kickers. A partial beam loss 
during injection in top-up opera-
tion was still a major problem of 
TLS, as before, as the RF protection 
loop detected an abnormal power 
change and then activated the 
interlock to trip the RF system so 
as consequently to kill the stored 
beam. Many tiny fluctuations and 
rapid abnormal behaviors of in-
jection-related units could cause a 
partial beam loss; a diagnostic sys-
tem with a rapid transient record-
er was hence built to identify the 
occasional event. Figure 4 shows 
a partial beam-loss event with an 
abnormal timing trigger wave-
form from a pulsed power supply 
of the kicker. The main board of 
the kicker controller was then 
replaced as an attempt to solve 
this trigger problem. The rapid 
diagnostic system assisted greatly 
to decrease the partial beam-loss 
events, but unclear consequenc-
es still occurred. Further effort is 
required to improve this system 
and to examine the consequences 
and reasons.

Table 5 shows clearly also that 
some components of the subsys-
tems, such as power supply and 
injection system, are approaching 
their lifetimes. This occurrence 
affects all subsystems of TLS after 
construction nearly three decades 
ago. As some components are 
even unavailable any more, prepa-
ration work such as to modify the 
interfaces in advance at scheduled 
shut-down periods is critical to 
upgrade the old components with 
new modules before failure. 

Fig. 3: Quarterly beam performance of TLS for user time in 2015 and 2016.

    Table 5: Summary of major trip events

Subsystem Event Beam trips
Others Partial beam loss without a clear reason 6
Others Sag of electric power 2
Others Earthquake 3

Power supply Power supply of sextuple magnet failure 3
Power supply Power supply of corrector magnet failure 8
Power supply Power supply of quadrupole magnet failure 3

Power supply
Transport line power supply of dipole magnet fail, 
lower than user beam definition.

1

Magnet SC magnet fail 9
Injector Incorrect firing of kickers 5

Linac Aged klystron modulator power supply relay 1
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Fig. 4:  An event of partial beam loss recorded with a rapid diagnostic system, in which an abnormal timing trigger for kicker waveform 
was caught.

Fig. 5:  Downtime of each subsystem in 2016. 

The accumulated downtime of each subsystem is shown in Fig. 5, with 99.73 h in total. Together with the trip 
events listed in Table 5, it is shown that some trip events resulted in a long downtime. For example, a single cryo-
genic event took about 6 h to effect a system recovery; this instance indicates the importance of great reliability 
of these critical subsystems. (Reported by Chang-Hor Kuo)
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Experience in the Operation of Taiwan Photon Source

T PS strove toward reliable and high-performance user operation for both experimental use and beamline 
commissioning on March 24, 2016, just seven months after the installation of two superconducting radio 

frequency (SRF) cavities and ten insertion devices in seven phase-I beamlines. Four 6-m standard straight sec-
tions and three 12-m long straight sections accommodated the ten insertion devices; the six-fold symmetry was 
replaced with a three-fold symmetrical lattice configuration, the double-minimum βY (DMB) lattice. The DMB 
lattice assured the designed low emittance to provide extremely high brilliance and a high flux for beamline 
experiments. Figure 1 shows the optical function of the DMB lattice in 1/3 circumference of the storage ring. 
The seven in-vacuum undulators (IU) allow a gap of the magnet array down to 7 mm; two elliptical-polarization 
undulators (EPU) of period length 48 mm and one EPU of period length 46 mm allow a gap of the magnet array 
down to 13 mm and 14 mm respectively. The optical functions and horizontal emittance of the electron beam 
at the position of insertion devices determine the photon beam sizes and divergences. A decreased horizontal 
emittance can provide a photon source with smaller size for nano-focusing applications. Table 1 presents an 
overview of β function, electron beam size (rms) and divergence of the electron beam at the centers of ten inser-
tion devices.

  Port βx/m βy/m σx / μm σx΄ / μrad σy / μm σy΄ / μrad
05 IU22 5.36 1.75 121.64 17.28 5.28 3.03

09
IU22A 10.47 1.79 164.18 13.75 5.35 2.99
IU22B 11.01 1.96 167.31 13.75 5.59 2.99

21 IUT22 5.36 1.75 121.64 17.28 5.28 3.03
23 IU22 5.34 1.73 121.02 17.29 5.26 3.04

25
IU22A 10.47 1.79 164.18 13.75 5.35 2.99
IU22B 11.01 1.96 167.31 13.75 5.59 2.99

41
EPU48A 10.16 1.84 162.67 13.75 5.43 2.99
EPU48B 10.41 1.79 163.88 13.75 5.35 2.99

45 EPU46 5.36 1.75 121.64 17.28 5.28 3.03

Fig. 1: Optical functions of 1/3 storage ring with distributed dispersion and low 
emittance.

Operation in top-up mode 
and hybrid mode
The top-up operation is an 
essential requirement for facil-
ity users in a third-generation 
light source. The advantages of 
top-up operation include qua-
si-constant stored beam current, 
a large and steady photon flux 
on average and no interruption 
for stored-beam reinjection. The 
steady photon flux contributes 
a constant heat load to optical 
components of the beamline and 
provides a thermal equilibrium 
environment for accurate mea-
surements.

TPS began top-up operation 
at 150 mA with 1.3% relative 
beam-current stability on March 

 Table 1: Overview of β function, electron beam size (rms) and divergence of the electron beam at the center   
    of ten insertion devices of seven phase-I beamlines
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24; the limitation of the stored beam current resulted 
from a radiation hot spot in the vicinity of experi-
mental hutch TPS 09. After reinforcing the radiation 
shielding in the beam collimator to fulfil the dose lim-
itation, 2 μSv per 4 h, of the radiation safety require-
ment for top-up operating mode, the stored beam 
current gradually increased to 300 mA with 50-mA 
increments per week from May 12.

TPS initiated top-up operation at 300 mA with 0.66% 
beam current stability in May; the beam lifetime was 
about 5 h. A refilling was triggered when the stored 
beam current was less than 300 mA and was termi-
nated when the stored beam current achieved 302 
mA. The stability of the beam current and refilling 
during the top-up operation at 300 mA are shown in 
Fig. 2.

The beam lifetime, 5 h at 300 mA, was less than 
the calculated total beam lifetime, 14 h, at 400 mA. 
Several efforts were implemented to enhance the 
beam lifetime, including changes of working points 
and chromaticity, and replacement of the vacuum 
chamber of the 8-mm full height by one of 20-mm 
full height with 8-mm tapers at both ends located at 
Port 41, one of the DMB long straight sections. After 
that, the beam lifetime could be about 12-16 h at 
varied gap widths of ten insertion devices. There are 
two filling modes in top-up operation: 75% filling 
(650 buckets) and 75% filling with an isolated single 
bunch of 2 mA at the center of the beam gap (hybrid 
mode). In the hybrid mode, the bunch current of an 
isolated single bunch is more than four times that of 

Fig. 2: Beam current stability and beam lifetime of top-up operation at 300 mA. The decreases in the beam cur-
rent resulted from the trips of the third LINAC modulator.

other bunches. The greater single bunch current was 
achieved with greater vertical chromaticity.

The injection efficiency is defined as the ratio of 
charge increase in the storage ring to the delivered 
charge from the booster. The injection efficiency is 
improved on matching the optics of the transfer line 
to the designed value at the entrance of the storage 
ring, on fine-tuning the launch condition, and with 
a 45-s dry run of power supplies of extraction pulsed 
magnets. With these efforts, the injection efficiency 
varied between 80% and 100% with a strange distri-
bution of bucket addresses.

Because of the regulations regarding radiation safe-
ty, the schedule of raising the stored beam current 
to 500 mA became separated into three stages. The 
first stage was to obtain an operating license for 300 
mA; the beam current then became raised to 400 mA 
after the approval of an operating license for 400 mA. 
The final stage would be 500 mA. The top-up opera-
tion with 400 mA was implemented in 2016.

Operating procedures
Several procedures are now in use or under test to 
ensure a reliable performance of the beamlines. A 
diagnostic beamline consists of a visible synchro-
tron radiation interferometer and an X-ray pinhole 
charge-coupled device (CCD) camera used to mea-
sure the beam size of X-rays emitted from a bending 
magnet. The diagnostic beamline can measure the 
electron-beam emittance from optical functions at 
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the source point and the mea-
sured beam size. The measured 
horizontal emittance and vertical 
emittance are 1.64 nm rad and 
15.7 ± 3 pm rad respectively. The 
measured emittance-coupling 
ratio is 0.96%. This result agrees 
satisfactorily with the natural 
emittance 1.6 nm rad with cou-
pling ratio 1%. The linear optics 
of the storage ring are corrected 
with a widely used algorithm 
linear optics from closed orbit 
(LOCO). LOCO is used to calibrate 
linear optics to maintain the sym-
metry of the lattice and the work-
ing tunes. Figure 3 shows that the 
LOCO should be performed every 
month for daily operation.

Another procedure is a beam-
based alignment (BBA), which is 
used to determine the field center 
of the quadrupole magnets of 
the storage ring, then to align the 
mechanical center of a nearby 
beam position monitor (BPM) to 
the field center of the quadrupole 
magnet. An undulator spectrum 
optimization is performed to 
align the trajectory of the elec-
tron beam through the center of 
the magnetic field of an insertion 

device (ID) to the beamline detector. Re-alignment of the field center of 
an ID to the field center of both side quadrupole magnets occurs when 
offsets exist. The undulator spectra after performing the optimization 
procedure are shown in Fig. 4. 

The position and angle of a photon source from an ID is determined with 
BPM located at both ends of an ID. The reference orbit is obtained with a 
BBA and the results of undulator spectrum optimization. To eliminate the 
current dependence of the BPM electronics and the possibility of dam-
age from synchrotron radiation to an in-vacuum undulator, stored beam 
current 30 mA is chosen for beam-based measurements, spectrum opti-
mization and orbit correction. All above operating procedures are in use 
to achieve reliable performance of the storage ring and a stable photon 
source from an ID, which results in the reproducibility of the beamline 
performance.

Beam stability
The criteria of the stability of the photon beam in present use are char-
acterized by the behavior of the electron beam, which include optical 

Fig. 3: Three consecutive β beat measurements show that LOCO should be performed every month for daily operation.

Fig. 4: Measured and theoretical undulator spectra.
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functions, horizontal position and angle, vertical position and angle, beam energy, and revolution period. 
Variation of the electron beam size, a change of the electron orbit or a change of the stored beam current 
causes instability of the photon beam. The challenge is to stabilize the motion of the electron beam to meet 
the stability criteria of the photon beam in long-term user operation. 

By means of operating procedures, we strive to maintain the reproducibility of lattice functions, electron-beam 
size, position and angle of the photon source. We exerted efforts also to identify the source of an instability of 
the electron beam, and then to minimize that instability on decreasing the flow rate of cooling water for the 
vacuum chamber from 10 L/min to 6 L/min, which decreased the vibration (10-50 Hz) of the vacuum chamber 
that contributes to the beam fluctuation. A radio frequency (RF) feedback was implemented to compensate the 
variation of the circumference of the storage ring due to the tide (~12 h) and the diurnal variation of tempera-
ture. The feed-forward table for each ID is used to decrease the orbit distortion when the gap width of an ID is 
altered. The fast-orbit feedback (FOFB) and bunch-by-bunch feedback (BBF) can cure the residual orbit distortion 
from the movement of an ID, the noise of a power supply and the collective beam instability. Figure 5 shows the 
overall performance with feed-forward tables of ID and FOFB.

Fig. 5: Overall performance with feed-forward tables of ID and FOFB.
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Operational performance
In a third-generation light source, high-power syn-
chrotron radiation causes thermal damage to inser-
tion devices and vacuum chambers. A well protected 
3-GeV storage ring delivers synchrotron radiation 
with a smaller source size to the high-energy X-ray 
science beamlines and nothing outside it.

The system for machine protection consists of vacu-
um-system protection, front-end and beamline pro-
tection and an active orbit-interlock system. The orbit 
interlock has been activated several times because 
of a large horizontal oscillation of the beam from an 
injection transient, which resulted from a large stray 
field of a septum or a mismatched injection kicker. 

Fig. 6: Statistics of weekly user beam availability.

Altering the threshold of the horizontal orbit interlock from 1 mm to 3 mm can prevent an activation of this 
kind. We implemented an appropriate protection of ID with a tight threshold, the vertical orbit interlock of beam 
position offset 0.2 mm in the BPM on both ends of ID and adjacent upstream dipole magnets. With the above 
considerations we achieved a reliable performance and machine protection.

To understand the performance of an accelerator facility, it is essential to measure the three key parameters of 
the machine operation – user beam availability, mean time between failures (MTBF) and mean time to recovery 
(this value is not provided here because of large deviations of the injection time). The scheduled beam time for 
users of TPS in 2016 was 3351 h; the delivered beam time was 3211.07 h. The beam availability, 95.82%, for the 
first year of user operation, just met the typical requirement of user beam availability. The MTBF was 52.35 h 
according to 64 faults in total. The weekly statistics of user operation appear in Fig. 6.

The goals of failure analysis are to develop a program for preventive maintenance and to improve the reliability 
of subsystems. Table 2 presents the categories of the 64 faults.

Table 2:  Failure categories

Machine protection
Pulser RF I&C OP Other PSMagnet Vacuum Beamline 

& FE
Orbit  

interlock
5 1 9 5 4 17 6 2 8 7

An error of fast orbit feedback system (FOFB) of any kind has been counted as downtime during the user period 
from March 24 to June 28. Seventeen faults are attributed to errors from the RF group; four faults were caused 
by a too small tolerance of the interlock threshold of the low-level radio frequency (LLRF) after parameter adjust-
ment of the machine study in week 16 of Fig. 6. The machine protection was triggered 20 times, which implies 
much scope for improvement. The six trips caused by malfunction of BPM051 electronics are attributed to the 
I&C group. Seven trips are attributed to other sources, including two earthquakes, two voltage sags, and four 
unknown trips. We shall focus on these four similar unknown trips to discover the root causes. (Reported by Yi-
Chih Liu)
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Investigation of Vacuum Properties of CuCrZr Alloy 
Used as High-Heat-Load Absorber

T aiwan Photon Source (TPS), a third-generation 
accelerator with electron energy 3 GeV, has 

achieved its design goal, 500 mA, in NSRRC. In the 
TPS ultrahigh-vacuum (UHV) system, high-heat-load 
(HHL) components of varied types have been cus-
tomized to meet the various power-load and densi-
ty-flux requirements of the beam-line users, and to 
take account of the thermomechanical limits of the 
materials. Absorbers, a type of HHL component, are 
designed to be installed between straight chambers 
and to protect the downstream-chamber wall from 
synchrotron radiation, thereby avoiding overheating 
of the chamber. The most important considerations 
for the HHL absorber are thus thermal conduction 
and thermal outgassing. GlidCop® and oxygen-free 
copper are materials typically used for HHL compo-
nents, but a vacuum leakage is commonly observed 
at a brazed interface between a stainless-steel flange 
and the material of the HHL components, for vari-
ous reasons such as brazing failure and cracks at the 
brazing interface after heat treatments (Fig. 1). One 
solution of this issue is thus to integrate the forma-
tion of HHL with ConFlat® CuCrZr flanges, as shown 
in Figs. 2(a) and 2(b). In this work, Chin Shueh et al. 
proposed to use the CuCrZr alloy (ASTM C18150) for 
the HHL absorber body and ConFlat® flanges. This 
material is chosen because of its specific advantages, 
which include satisfactory thermal conductivity, great 
mechanical strength, high softening temperature, 
and acceptable weldability. We applied a throughput 
method to measure the rate of thermal outgassing 
and a helium leak detector to verify the vacuum seal 
between the CuCrZr alloy and stainless-steel flanges. 

The samples examined in this work were CuCrZr 
alloys (ASTM C18150). Before measuring the rate 
of outgassing, each sample was cleaned with Ci-
tranox.1 The rate of outgassing was measured with 
the throughput method1, which has the advantage of 
measuring that rate in real time. All measurements of 
that rate were performed during baking at 160 °C. To 
verify the vacuum seal, we also sequentially mounted 
and unmounted the CuCrZr flanges connected to the 
stainless-steel flanges ten times, followed by baking 
at 250 °C, to ensure that the CuCrZr flanges were 
robust and suitable for UHV applications.

Fig. 1: Failed components (contaminated).

Fig. 2: Design (a) and section view (b) of a CuCrZr high-heat-
load absorber. [Reproduced from Ref. 1]

The pressure in an UHV system is determined mainly 
by the rate at which gases are desorbed from the 
inner wall of the chamber or from other components 
in the UHV system; the rate of outgassing is the most 
important factor in an UHV system. In a normal case, 
an outgassing rate less than 1 x 10−9 Pa m/s is suitable 
for use in a UHV system. In this work, the rates of out-
gassing at 10 and 72 h (q10 and q72) are given in Table 
1 and compared with the team’s previous work. The 
rate of outgassing of Al and stainless steel is about a 
tenth that of CuCrZr, but these rates become roughly 
the same (10−10 Pa m/s) after pumping for 72 h and 
baking at 160 °C. The slightly large initial rate of out-
gassing might result from gas stored near the surface, 
making it easily desorbed on baking and producing 
the large rate q10.

Figure 3 shows the rate of helium leakage as a func-
tion of fastening torque (7, 9, 11, 15 and 20 N m) and 
baking at 250 °C for mounting and unmounting a 
CuCrZr flange connected to a stainless-steel flange 

(a) (b)
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ten times with stainless-steel M8 bolts. The CuCrZr 
and stainless-steel flanges were the DN 100 ConFlat® 
type, which has the same size as an absorber flange. 
The results reveal that a fastening torque ≥ 11 N m 
is required to achieve an effective vacuum seal even 
after baking at 250 °C (i.e., a leakage rate less than 
9.6 x 10−11 Pa m3/s and no helium leakage signal 
after injecting helium between the CuCrZr and stain-
less-steel flanges).

sured; the robustness of the vacuum seal provided 
with CuCrZr flanges connected to stainless-steel 
flanges was tested under thermal cycling undertaken 
in baking cycles. The results reveal that the rate of 
outgassing, although initially large, decreased to a 
level comparable to that of aluminium and stainless 
steel after 72 h of baking at 160 °C. In addition, the 
baking thermal cycling does not degrade the vacu-
um seal between CuCrZr and stainless-steel flanges, 
providing that the flanges are tightened with torque 
at least 11 N m. This work hence opens a new possi-
bility for high-heat-load components in UHV systems, 
which should be of interest to those in synchrotron 
facilities. This work completes the development of 
a prototype of CuCrZr-made HHL absorbers with 
ConFlat® flanges through computer-numeric-control 
(CNC) machining, which were installed in the TPS 
storage ring for testing in July, 2016 (Fig. 5).  (Report-
ed by Chin Shueh and I-Ching Sheng)

| Reference |
1. C. Shueh, C.-K. Chan, C.-C. Chang and I.-C. Sheng, 

Nucl. Instrum. Meth. A 841, 1 (2017).

Table 1: Rate of outgassing of CuCrZr, Al and stainless steel  
   after 10 and 72 h [Reproduced from Ref. 1]

Rate  of outgassing [Pa m/s ]
10 h 72 h

CuCrZr 1.2 x 10−6 5.8 x 10−10

Al 3.3 x 10−7 1.6 x 10−10

Stainless steel 1.8 x 10−7 1.5 x 10−10

Fig. 4:  Optical microscopic inspection of the knife edge of a 
CuCrZr flange. [Reproduced from Ref. 1]

Fig. 5:  Photographs of installation of a CuCrZr HHL absorber in 
section 21 of the storage ring. 

Fig. 3: Leakage rate vs. fastening torque with 7, 9, 11,15 and 20 
N m and no baking and with fastening torque 11 N m 
and baking at 250 °C. [Reproduced from Ref. 1]

Despite the satisfactory thermal characteristics of Cu-
CrZr flanges and no visual damage to the knife edge 
even after ten sealing tests (Fig. 4), one disadvantage 
is that CuCrZr is less hard than stainless steel, which 
means that the knife edge of the CuCrZr flange must 
be carefully connected with the stainless-steel flange 
with an oxygen-free-copper gasket. 

Shueh studied the usability of integrating a CuCrZr 
high-heat-load absorber with a CuCrZr flange in TPS. 
The rate of outgassing from the CuCrZr was mea-
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Soft X-ray Coherent Diffraction Imaging 

S oft X-ray microscopy is a powerful technique 
that can probe large volumes of materials at 

high spatial resolution with chemical, electronic and 
orientation contrasts.1 Developed recently, coher-
ent diffraction imaging (CDI) in a form based on a 
soft X-ray scanning transmission X-ray microscope 
(STXM), the so-called ptychography, is making sub-
stantial improvements in spatial resolution and 
spectral information.2 It can, in principle, provide a 
wavelength-limited resolution without a limitation of 
X-ray lenses. Different from CDI, ptychography relies 
on collecting a set of diffraction patterns at varied 
regions of a sample, which become physically over-
lapped with a known separation.3 Spatial resolutions 
10 nm and below 3 nm were achieved for hard4 and 
soft2 X-rays.  

Similar to the standard STXM, soft X-ray ptychogra-
phy can provide 2D chemical mapping and determine 
the chemical states at each pixel by X-ray absorption 
spectra (XAS) with high spatial resolution. David 
Shapiro2 first demonstrated the greatest resolution 
of a soft X-ray microscope using ptychography and 
applied it to study the LiFePO4 phase separation in 
lithium-ion batteries. The presence of multiple parti-
cles with varied chemical states and the cracks along 
the C-axis were visualized, which indicated that the 
coupling of kinetics of a phase transformation with 
mechanical consequences is critical during the lithia-
tion and delithiation processes.

The second example was performed by Xiaohui Zhu5,6 
who investigated XAS associated with X-ray magnetic 
circular dichroism (XMCD) of individual magneto-
somes in a cell of magnetotactic bacteria (MTB) from 
ptychography image sequences recorded with left 
and right circular polarization. The results indicated 
that the magnetic dichroic information could be 

probed with ptychographic XMCD in both absorption 
and phase signals for extracellular magnetosomes. 
Compared with the FeL3 spectrum measured with a 
ptychography and a conventional STXM using varied 
sizes of the outer zone plates, the results clarified 
that a soft X-ray ptychography can not only improve 
the spatial resolution but also benefit the spectral 
and chemical sensitivity. 

To perform various diffraction experiments, a suffi-
cient coherent flux is necessary. X-rays delivered from 
an undulator beamline at a third-generation synchro-
tron radiation facility are coherent on a micrometer 
length scale. With appropriate optics and filtering, 
the EPU of TPS will yield soft X-rays of great intensity 
with a high degree of coherence. As shown in Fig. 1, 
the estimated coherent flux from an EPU48 source in 
energy range 400 to 1200 eV is as much as 1011 pho-
tons/s. The coherent flux is estimated with a formula 
Icoh = B(λ/2)2(Δλ/λ) and assuming the resolving power 
of the beamline to be 5000. The objective of this proj-

Fig. 1: Estimated coherent flux of an ideal beamline, assuming 
that the total transmission of the grating and the beam-
line optics is 1.3%.

Fig. 2: Principle of beamline design with a variety of operating modes.

ect is to take advantage of Taiwan 
Photon Source to establish ad-
vanced coherent diffraction image 
techniques to study electronic and 
magnetic properties with great 
spatial resolution.

The principle of the beamline de-
sign is shown in Fig. 2. The mono-
chromatic beam is generated with 
an active-grating monochromator 
(AGM) and focused on the exit slit 
to define a secondary source. The 
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Fig. 3: Schematic of the basic concept of soft X-ray ptychography.

Fig. 4: Photograph of a soft X-ray ptychography.

incoherent portion of the beam outside the coherent 
angle of λ/d, in which d is the slit opening, is reject-
ed with a set of  coherent slits in both directions. A 
spatial filter (pinhole aperture) is placed between the 
Kirkpatrick-Baes (KB) refocused optics and the sample 
to clean the coherent beam and to minimize its size. 
The system operates in three modes – resonance soft 
X-ray scattering (RXS), Bragg CDI and ptychography. 
The operating system incorporates a diffractometer 
in vacuum with two principal rotation axes θ and δ 
for RXS measurement. On replacing the existing point 
detector with a 2D CCD (charge coupled device) 
detector for RXS measurement, the diffraction super-
structure can be collected to obtain spatial informa-
tion about spin, charge and orbital ordering.

The layout of the soft X-ray ptychography is shown in 
Fig. 3. All stages and components for ptychography 
are located inside the Taiwan-Anglo Coherent Diffrac-
tion Endstation (TACoDE). In this design, the KB optics 
focus a coherent beam onto a sample; a pinhole is 
placed between to clean the coherence source. With 
precise 2D sample-scanning stages, Overlap of the 
probed areas can be ensured. Diffraction data are 
collected on a retractable point detector for a regu-
lar scanning transmission X-ray microscopic (STXM) 

measurement or on a 2D X-ray CCD for a ptychogra-
phy measurements. An attenuator is placed between 
the CCD and the sample to avoid damage and satu-
ration of the CCD and to expand the dynamic range. 
Figure 4 shows a photograph of the instrument as 
implemented at TACoDE. The following major system 
components are incorporated: pinhole x, y, z stages; 
sample x, y stages; point detector x stage; attenuator 
x, y stages and CCD detector.

With this geometry and wavelength, some of the 
following properties can be estimated.

Resolution limit
The maximum diffraction angle is found to be θmax = 
tan θmax = f1/2/z, in which f1/2 is the half frame size of 
the CCD and z is the distance from sample to detec-
tor. In this geometry, f1/2 is 13.8 mm, z is 70 mm; thus 
θmax is 0.197 radian. As mentioned, CDI and ptychog-
raphy can in principle overcome the limitation of the 
X-ray optics, but the numerical aperture of the detec-
tor limits the spatial resolution, i.e. d = λ /2 N ACCD = 
λ/2θmax. For λ = 1.4 nm, the resolution limit is 4 nm.

Coherent flux
In Fig. 1, the coherent flux before the pinhole is 1.5 x 
1011 photons/s with resolving power 5000. For a KB 
focused beam size 3 x 3 μm2, a pinhole of diameter 1 
μm further decreases the flux by a factor π/36 lead-
ing to a coherent flux 1.3 x 1010 photons/s.

Illuminated area
The temporal coherent length in this design is found 
to be lt = λ2 /2 Δλ = 7 μm, in which λ = 1.4 nm and λ/
Δλ = 5000. The temporal coherent length must be 
greater than the maximum path difference between 
incident rays. In this case, lt should be greater than w 
θmax/2, i.e. lt > w θmax/2 in which w is the illuminated 
area and θmax is the maximum diffraction angle. In this 
geometry, the maximum illuminated area is 71 x 71 
μm2.
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The spatial coherent length is defined as ls = λ R/2 
a, in which λ is the wavelength, R is the distance 
between pinhole and sample and a is the width of 
the pinhole. For λ = 1.4 nm, R = 1.5 mm, a = 1 μm, 
the spatial coherent length ls is equal to 1 μm; the 
maximum illumination area is thus 2 x 2 μm2. In con-
clusion, the maximum illuminated area is dominated 
by the spatial coherent length because of the large 
pinhole. 

Speckle pattern
The Shannon interval7 for frequency-space sampling 
of the intensity is 1/2 w = Δ /λ z, in which w is the 
illuminated area, Δ is the pixel size of the CCD, z is the 
distance from sample to detector. For λ = 1.4 nm, z = 
70 mm, w = 1 μm, the pixel size of the CCD is equal 
to 49 μm; i.e. to provide correct Shannon sampling 
of the diffraction plane intensity, the pixel size of the 
CCD must be less than 49 μm. The pixel size of the 
CCD that we intend to use is 13.5 μm.

In summary, the soft X-ray ptychography at TPS will 
enable studies that can be defined as true nano-sci-
ence with spatial resolution less than 10 nm. The 
combination of great spatial resolution, great chemi-
cal sensitivity and a large field of view of spectro-pty-
chography will be a promising probe for detailed 
analysis of nature in various fields. At present, the 

TPS 41A  Soft X-ray Scattering

design and construction is almost finished; commis-
sioning and opening to users will begin next year. 
(Reported by Hung-Wei Shiu)
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Development of a Beamline for Coherent X-ray 
Scattering  

T aiwan Photon Source (TPS) is one up-to-date 
third-generation synchrotron radiation source 

among others all over the world. One most remark-
able feature of a third-generation source of synchro-
tron radiation is its production of intense beams 
of coherent X-ray photons. The development of 
coherent X-ray scattering techniques was previous-
ly restricted by the lack of a strong coherent X-ray 
photon source. Through the extremely brilliant and 
highly coherent X-ray beams provided by TPS, the 
opportunities to develop coherent X-ray scattering 
experiments such as X-ray photon correlation spectra 
(XPCS) and coherent diffraction imaging (CDI) have 
been launched. The coherent X-ray scattering (CXS) 
beamline, TPS 25A, is one of the first seven beam-
lines at TPS. The construction of the beamline and 
endstation was completed at the end of 2015. The 
beamline and endstation commissioning began in 
the first half of 2016; in the second half year of 2016 
the CXS beamline was opened to public users. Until 
now, fifteen groups have performed their experi-
ments including XPCS, CDI, small-angle X-ray scatter-
ing (SAXS) and wide-angle X-ray scattering (WAXS) at 
the CXS beamline.

The core techniques of the CXS beamline are XPCS, 
CDI and SAXS. In materials science the dynamics is a 
cardinal topic. XPCS can directly access the dynamic 
response function S(Q,t) to obtain information about 
the dynamics. In practice, as the coherent X-ray pho-
tons are scattered by a disordered system, the scatter-
ing speckle patterns fluctuate temporally; these fluc-
tuations relate to the intrinsic motions of the system. 
A sequence of scattering patterns is collected with 
time. On calculating the correlations between each 
scattering pattern, the embedded dynamics is ex-
tracted. One advantage of this method is to study dy-
namics comprised of many collective processes. XPCS 
has been applied in many research fields, such as dif-
fusion of colloids, complicated fluids, polymer blends, 
clays, capillary fluctuation, liquid-crystal membranes, 
non-equilibrium dynamics, binary alloys, metal/
polymer nano-composite, and charge-, spin-, orbital-, 
ordered domains. The progress of XPCS development 
is currently in both hard and soft condensed matter. 
There still are some limitations of XPCS; the photon 
flux and the frame rate of the detector are two major 
factors to confine the range of the correlation time. 
For a long-time data collection, radiation damage is 

another issue to the sample system.

CDI is a lensless image technique. When coherent 
X-ray beams illuminate a specimen, the diffraction 
patterns are collected. Through the phase retrieval 
algorithms,1-5 the phase problem is resolved and the 
real-space images of the specimens are reconstruct-
ed. In the phase-retrieval algorithms, the real-space 
support information is required for CDI image recon-
struction, which is a limitation of the CDI technique. 
Furthermore, to cope with a large specimen, a scan-
ning-type CDI, ptychopgraph, can also be run in the 
CXS beamline. The redundancy or the overlapped 
region in neighboring scans is the real-space support 
of ptychopgraphy. The ptychographic iterative engine 
(PIE) and extended PIE (ePIE) algorithm6,7 are devel-
oped for the ptychographic data processing. SAXS 
experiments can also be conducted.

The CXS beamline is located at TPS port 25, which is 
an output port of a straight section of length 12 m. 
The photons of the CXS beamline are irradiated from 
two in-vacuum undulators IU22. The photon source 

Fig. 1: Devices of the CXS beamline in the optical hutch, includ-
ing beamline optics, bremsstrahlung shielding and beam 
diagnosis.



A
CTIV

ITY
 REPO

RT  2016

Facility Status
081

provides X-rays of energy range 5.56-20 keV. Figure 
1 shows the double-crystal monochromator (DCM), 
the first focusing system and some other optical 
components. The DCM with two sets of crystals can 
be operated in either a high-flux mode or high-res-
olution photon-energy mode. The CXS beamline 
has two focusing systems; the vertical compound 
reflective lenses (VCRL) and the first horizontal fo-
cusing mirror (HFM1) are integrated within the first 
focusing system. The second focusing system hosts 
a vertical focusing mirror (VFM), a vertical deflecting 
mirror (VDM) and a second horizontal focusing mirror 
(HFM2). In vertical, two optical components, VFM and 
VCRL, can be switched to achieve two beam sizes, 1 
and 10 μm, at a sample position. In horizontal, two-
step focusing is employed; the beam size is adjustable 
on altering the opening of the horizontal secondary 
source slit (HSS). Figure 2 shows the sample stage 
and the scattering vacuum pipe with the detector sys-
tem. The sample environments are still under devel-
opment. A sample stage with simple sample holders 
is currently provided to users. For solution samples, 
there is a capillary tube holder; for a bulk or thin 
film, a stand with a rectangular frame can be used 
for mounting. Besides these two sample holders, a 
tensile stage is available. A sample holder with tem-
perature control will become available in early 2017. 
A high-performance liquid chromatograph (HPLC) 
for bioSAXS users is under commissioning; a flow cell 
for liquid samples is under design. Various sample 
environments will be offered to our users in 2017. An 
important upgrade of the Bragg CDI equipment is 
planned to be installed during the summer shutdown 
in 2017.

At present the CXS beamline can be operated with 
beam size 2 x 10 µm2 or 9.5 x 9.5 µm2; the range of 
photon energy is 5.6-20 keV. The total photon flux 
at the sample position is 3 x 1012 photons/s; the 
coherent flux is 1010 photons/s. As the distance from 
sample to detector can vary from 2 to 12 m, the 
q-range is 0.0005-0.9 Å-1. As a result of the beamtime 
operation in the second half of year 2016, XPCS, CDI 
and SAXS have been performed at the CXS beamline. 

The first test of a CDI experiment was performed by 
Chien-Chun Chen, National Sun Yat-sen University; 
a gold nanoparticle (1 µm) was used to examine the 
performance of the beamline. The spatial resolution 
can achieve about 10 nm. The XPCS experiment was 
tested and performed by Wei-Ren Chen, Oakridge 
National Laboratory; he used a silica nanoparticle of 
diameter 100 nm. On varying the ratio of the co-sol-
vent to alter the viscosity of the sample solution 
and to control the relaxation time of the system, the 
results showed that the rapid frame rate attains a 
few milliseconds. The stability of the photon beam 
was examined with a measurement of glassy carbon, 
which showed that the beam is stable within more 
than 2 h. The micro-beam scanning SAXS was also 
run to determine the orientation of a sample at this 
beamline.

In conclusion, based on the results of the experi-
ments conducted in the beamtime of 2016B Cycle, 
the performance of the CXS beamline nearly met the 
design value. To cope with a variety of the requests 
of the experimental conditions from the uers, sample 
environments buildup will be prioritized in 2017. The 
temperature control sample holder for both liquid 
and solid samples will be available soon and the HPLC 
with a flow cell is under construction. The Bragg CDI 
upgrade will be installed and commissioned in late 
2017. (Reported by Jhih-Min Lin) 
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Fig. 2: Sample stage with the scattering vacuum-pipe system and area detector.
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Resonant Inelastic Soft X-ray Scattering  

R esonant inelastic X-ray scattering (RIXS) is a ‘pho-
ton in – photon out’ technique. In a RIXS process, 

monochromatic X-rays induce electronic excitations 
through a core-valence resonance to enhance the 
scattering cross section. The energy and momentum 
of the excitations are deduced from the energy loss 
and the momentum change between the incident 
and scattered X-rays. The resonant characteristic en-
ables the chemical specificity of RIXS. Beamline 41A, 
one TPS phase-I beamline, is designed for the study 
of the electronic and magnetic properties of strongly 
correlated-electron materials. Using a novel mono-
chromator-spectrometer design, this setup enables 
measurements of high-resolution resonant inelastic 
soft X-ray scattering. This beamline is optimized for 
cutting-edge research of low-energy excitations 
involved with the interplay between charge, spin, 
orbital and lattice degrees of freedom. Excitations of 
phonons, mignons, orbitons, electron pairs, band gap 
etc. are the focused topics. 

The photon source of TPS 41A originates from two 
elliptically polarized undulators in series in a 12-m 
straight section of TPS with a double-minimum 
β-function to enhance the brilliance. Each EPU has 
length 3.2 m and period length 48 mm. The brilliance 
of the EPU tandem in energy range 400-1200 eV is 
greater than 1 x 1020 photons s-1 m r-2 mm-2 (0.1% 
BW)-1 and the flux is above 1 x 1015 photons s-1 mr-2 
mm-2 (0.1% BW)-1. In this energy range, the calculat-
ed beam sizes (FWHM) of the soft X-rays are 385 μm 
(horizontal) and 29 μm (vertical); the beam diver-
gences range from 18 to 26 μrad in the horizontal 
direction and from 14 to 22 μrad in the vertical direc-
tion.

Figure 1 shows the focusing optics in vacuum before 
the grating monochromator. The first optical element 
is a water-cooled horizontal-focusing mirror (HFM) 
positioned at distance 25.805 m from the center of 
the EPU tandem. The second optical element is a 
vertical plane mirror (VPM) located 1.2 m away from 
the HFM. A bendable water-cooled vertical focusing 
mirror (VFM) with demagnification 28.2 at distance 
1.2 m from the VPM focuses the X-ray beam onto 
the entrance slit of the monochromator. The dis-
persed soft X-rays are filtered with an exit slit to set 
the energy bandwidth of the incident photons. To 
achieve a high resolution of RIXS measurements with 
a satisfactory throughput, the optimization of the 
surface profiles of VFM and gratings is crucial. For TPS 
41A, an active-optics design is used for the VFM and 
gratings to eliminate this effect. A specially designed 
bender is used to change the curvature of the VFM 
and to correct for thermal deformation created by 
incident photons. This bender exploits 19 parallel 
ridges glued to the back of the Si grating substrate 
to correct for a local deformation as shown in Fig. 2. 
The estimated vertical FWHM beam size at the en-
trance slit is 1 μm, so a small photon source enabling 
high-resolution RIXS. With a horizontal refocusing 
mirror placed 0.6 m before the sample and a vertical 
beam size 5 μm set by an exit slit that gives incident 
energy bandwidth 90 meV, the FWHM beam size at 
the sample is about 5 x 5 μm2. To achieve a high ener-
gy resolution and highly efficient RIXS measurement, 
an energy-compensation scheme1 of grating disper-
sion for inelastic X-ray scattering is adopted. Incident 
X-rays from an entrance slit are focused and dispersed 
with a grating monochromator onto a sample with 
a selected energy bandwidth. Scattered X-rays are 
focused and dispersed onto a detector with a grating 
spectrometer. This scheme has two important fea-

Fig. 1: The focusing optics in vacuum before the grating monochromator.
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tures: the energy-loss spectra are measured through 
the superposition of the inelastic scattering excited 
with incident X-rays of varied energy within the 
bandwidth of the monochromator, as demonstrated 
in Fig. 3(a), and the measurement efficiency is pro-
portional to that energy bandwidth. Hence this novel 
design greatly enhances the measurement efficiency 
of inelastic scattering of soft X-rays. The energy-com-
pensation principle for RIXS has been successfully 
tested at TLS 05A. The results lead us to conclude 
that the energy-compensation principle is effective 
for soft X-ray spectroscopy, and greatly increases the 
measurement efficiency of RIXS.2 Users have bene-
fited from this design to study the low- energy exci-
tation of transition-metal oxides, such as the collec-
tive excitations in electron- and hole-doped cuprate 
superconductors,3 Raman- and fluorescence-like RIXS 
excitations of doped superconducting cuprate,4 and 
orbital engineering in nickelate heterostructures 
driven with anisotropic oxygen hybridization.5 Our 
simulations show that the expected energy-resolv-
ing power of the TPS 41A setup will be better than 
60,000 for photon energies from 500 eV to 1000 eV. 

The key optical components of TPS 41A are an active 
grating monochromator (AGM) and an active grat-
ing spectrometer (AGS). Both gratings have a line 
density of varied line spacing (VLS). Two heavy-duty 
highly precise manipulators are used to position the 
two gratings with sub-micrometre precision in all six 
degrees of freedom.  The design of the two grating 
manipulator systems is similar to that of a hexapod 
manipulator; it is constructed with six rods connect-
ing a movable plate and a fixed base plate through 
linear slides. The linear and angular resolutions are 
0.1 μm and 0.1 μrad, respectively; the linear and 
angular positioning ranges are ± 8 mm and ± 0.5°, re-
spectively. The heat load on the AGM can introduce a 
thermal bump on the grating surface and increase its 
slope error to 5 μrad (rms) or more. A bender design 
identical to that of the VFM is used for both AGM and 
AGS. The grating surface profile can be adjusted to 
eliminate any local deformation; the residual slope 
error is within 0.1 μrad. Comprising two bendable 

gratings, the AGM-AGS setup effectively diminishes 
the defocus and coma aberrations. Figure 3(b) shows 
a photograph of the AGM grating chamber with a 
positioning system that includes a pitch-scanning 
mechanism. 

The horizontal refocusing optics after the sample, 
the AGS grating and a two-dimensional charge-cou-
pled-device (CCD) detector are all mounted on a 
rotational platform that includes two movable gran-
ite blocks. The refocusing optics and the AGS grating 
are placed on one granite block and the CCD is on the 
other. Through an air-cushion mechanism, the AGS 
can swing about a vertical axis at the sample position, 
while the gap between the movable granite block 
and the fixed granite floor is between 30 and 35 μm. 
The scattering angle ranges from 17° to 163°. The de-
tection system includes a multilayer polarimeter and 
is equipped with CCD of single-photon sensitivity.  
Figure 4 shows a photograph of the RIXS chamber 
and the AGS scanning mechanism. 

Fig. 2: The bender exploits 19 parallel ridges glued to the back 
of the Si grating substrate to correct for a local deforma-
tion.

Fig. 3: (a) The energy compensation principle used for record-
ing the energy-loss spectra through the superposition 
of the inelastic scattering excited with incident X-rays of 
varied energy within the bandwidth of the monochro-
mator. (b) The AGM grating chamber with a positioning 
system that includes a pitch-scanning mechanism.

(a)

(b)
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To detect a single soft X-ray photon, the detector 
requires great sensitivity because only about 222 
electron-hole pairs can be generated with an 800-eV 
photon if a regular silicon-based detector is used. To 
meet the requirement of single-photon detection, a 
detector of high-energy transfer efficiency and low 
noise is required; a custom-made electron-multiplied 
CCD (EMCCD) without anti-reflection coating is used. 
The EMCCD is back-illuminated to avoid absorption 
by the device on the front side of a wafer. The cam-
era head is cooled to -40 °C; the data are transferred 
through an optical link to decrease electronic noise. 
Through the electron- multiplication mechanism, 
the ratio of signal to noise (SNR) is greatly enhanced. 
An average SNR can be more than 20 for an 800-eV 
photon event. This condition makes possible the 
detection of a single-photon soft X-ray. The CCD also 
requires small pixel sizes to achieve energy-loss mea-
surements of great energy resolution. Although the 
pixel size of EMCCD is 13 μm, a centroid algorithm 
will be used to achieve a sub-pixel spatial resolution. 
(reported by Wen-Bin Wu and Di-Jing Huang)
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Fig. 4: The RIXS chamber and the AGS scanning mechanism. Inset: a close-up view of the sample manipulator.
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High-Resolution Powder X-ray Diffraction 

S tructure and structural transformation are two 
major topics that involve both attractive and fun-

damental issues for scientists; they have widespread 
scientific interest in chemistry, physics, materials 
science, geoscience, biological and pharmaceutical 
sciences and industrial applications. The efficient way 
to obtain a molecular structure normally is by means 
of X-ray diffraction of a single crystal, but powder 
diffraction is an alternative approach, for which both 
the experiment and the preparation of samples are 
easier. The structure in a non-ambient state might 
provide direct evidence of molecular motions that 
correlate with corresponding physical or chemical 
properties. A proposed dedicated high-resolution 
powder X-ray diffraction beamline at Taiwan Photon 
Source (TPS) will be able to offer a rapid data acquisi-
tion rate and great angular resolution data.

There are currently several powder-diffraction 
beamlines and stations in NSRRC, including TLS 
01C2, TLS 17A, SP 12B2. These three powder-dif-
fraction stations provide varied ranges of energy 
as an X-ray source that can serve various scientific 
projects. The detection systems are an image plate 
or a charge-coupled device. In phase I of TPS, the 
powder-diffraction station is located temporarily at 
TPS 09A. A large concentric three-circle diffractom-
eter (Fig. 1) equipped with a rapid position-sensitive 
detector (MYTHEN 24K) and a multi-crystal analyzer 
system were installed and used for structural char-
acterization and dynamics respectively. During the 
commissioning period, the most important issue is to 
integrate a diffractometer with a MYTHEN 24K detec-

tor. This detector requires calibrations and corrections 
of three kinds – angle calibration, intensity correction 
and off-set calibration. To calibrate the angle, we first 
collect a series of powder patterns of Si standard to 
obtain the function of the rotation angles and pixel 
numbers. For intensity correction, also called flat-
field correction, the sensitivity of every pixel is slightly 
affected by the energy of the radiation. To solve the 
problem, we must have a correction every 500 eV to 
improve the response. To obtain a scaling coefficient 
we can use an attenuated direct beam or a selected 
diffraction beam to which every pixel is exposed. So 
far, because of a housing problem of that detector, 
we cannot perform a detailed measurement. An 
alternative solution is to simulate an appropriate 
scaling coefficient using default sensitivity files for 
varied radiation sources (Ag, Mo, Cu, Cr radiation). For 
off-center calibration, as the center of the detector is 
not perfectly the same with the rotation angle on the 
diffractometer, we must calibrate the off-set effect. 
The solution is to use software to offset the sample 
position to the center of the detector. The final cell 
parameter of NIST standard material 660c, LaB6, is 
4.1568232(4) Å, which is near the result in a NIST 
report, 4.156826(8) Å. The structure is easily to be 
solved with a direct method using EXPO 2014 pro-
gram. In 2016 Q3, powder diffraction opened for user 
operation; there was 50% user beamtime for powder 
X-ray diffraction at TPS 09A, which served about 20 
user groups.

In terms of the performance of the X-ray diffraction 
instrument, the diffraction pattern measured for a 

Fig. 2: X-ray diffraction patterns of KNiF3 measured at TLS 01C2 
(MAR345 IP) and TPS 09A (MYTHEN 24K); the inset 
shows a crystal model of KNiF3.

Fig. 1: Schematic of the three-circle powder diffractometer 
with a detector (MYTHEN 24K), a multi-crystal analyzer 
system and a robot system. 
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KNiF3 powder with X-rays (15.0 keV) demonstrates 
the high- quality data (rapid, wide Q-range and small 
background) that can be recorded. The PXRD pattern 
was obtained using a MYTHEN 24K detector of radius 
761.5 mm of curvature, in an exposure of typical du-
ration 30 s. For comparison, the XRD pattern for the 
same sample measured with an imaging plate and 
exposure duration 120 s and 108 s for readout at TLS 
01C2 is shown in Fig. 2. The MYTHEN 24K detector 
obviously provides superior data, not only the collec-
tion speed but also the ratio of signal to noise, data 
range and peak resolution. For peak resolution, Fig. 
3 presents a high-resolution powder diffraction pat-
tern of a quartz sample collected with 15-keV X-rays 
and the same set-up as for the preceding sample. The 
packed fingerprint pattern of (122), (203) and (031) 
signals of the quartz sample are well resolved from 
the wide-Q-range XRD pattern. Several projects ben-
efiting from the advantages of the high-resolution 
and non-ambient sample environments are currently 
under way, including measurement of Li-ion battery 
electrodes in situ during charging and discharging 
cycles, measurements at high (up to 1000 °C) and low 
temperature (100 K with a LN2 cryostream, 10 K with 
a cryostat) and a gas-loading experiment. 

The intrinsic problem in powder diffraction is overlap-
ping of diffraction signals. To improve the refinement 
and accurate structure determination, a multi-crystal 
analyzer was designed and commissioned. Our de-
sign used nine Si(111) crystals in which every crystal 
is 2o apart from any other.1 In data shown in Fig. 4, 
the recording was taken from 5° to 50° with step 
0.005°. The total duration of measurement was 12.5 
h. The maximum angular resolution is about 0.007°, 
but we are still optimizing the multi-crystal analyzer 
system. Comparing the peak resolution at the present 
detector system at various endstations, the maximum 

resolution from the image-plate detector (MAR345) 
is about 0.08-0.1°. The MYTHEN 24 K detectors has 
a small pixel size, a large dynamic range and a rapid 
readout. The eventual maximum resolution from the 
NIST 660c standard (LaB6, capillary 0.2 mm) is 0.015o. 
The ultra-high resolution from the Si(111) crystal 
analyzer is 0.007°. A convenient system for data col-
lection and processing is in development. The output 
data from a MYTHEN 24K detector and a multi-crystal 
analyzer will be normalized, merged and gridded au-
tomatically. An automatic robotic sample changer will 
also be installed to increase beamline performance.

A dedicated high-resolution powder X-ray diffraction 
beamline, TPS 19A, has been under planning. The 
previous optics and endstation design and concep-
tual design report had been reviewed by Science 
Advisory Committee (SAC) members and synchrotron 
powder-diffraction experts. The procurement will 
begin in early 2018; the beamline components will be 
installed and commissioned in 2019. Once the beam-
line is complete, the endstation will be moved from 
TPS 09A to TPS 19A. Our goal of TPS 19A is to have 
it open for user operation in 2020 Q2. (Reported by 
Yu-Chun Chuang)

| Reference |
1. J. L. Hodeau, P. Bordet, M. Anne, A. Prat, A. N. Fitch, 

E. Dooryhe, G. Vaughan, and A. Freund, Proc. SPIE 
3448, 353 (1998).

Fig. 4: Powder-diffraction pattern for NIST standard material 
LaB6 (660c) measured with a crystal analyzer.

Fig. 3: Powder diffraction pattern for a quartz sample; the inset 
shows an expanded view of the well resolved fingerprint 
pattern (122), (203) and (031) of quartz. 
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A Scanning Laue X-ray Diffraction Microscope  

T he combined benefits resulting from the devel-
opment of highly efficient X-ray focusing optics, 

fast area-detector technology and ever more brilliant 
X-ray beam sources at synchrotron facilities have 
added nanometric spatial resolution never before 
achieved to the centennial but powerful technique of 
X-ray diffraction.

Incremental progress towards ever smaller and bright-
er X-ray beams combined with increasing sophistica-
tion of computer algorithms to process more compli-
cated and larger datasets have rendered synchrotron 
microfocus and nanofocus techniques attractive to 
characterize diverse samples.

X-ray diffraction with a monochromatic beam is 
commonly used to characterize both epitaxial and 
polycrystalline thin films and multilayers. Here the 
X-ray beam impinges on the sample at a grazing 
angle to maximize the thin-film signal with respect to 
the substrate; the precise position and shape of the 
reflections are recorded. Shifts in the position of the 
reflections can be linked to a macroscopic strain or dif-
ferences in chemical composition, whereas the study 
of reflection shapes can provide useful information 
about the thin film such as the thickness, crystallite 
size, microscopic strain and defect type and density.

Polychromatic X-ray diffraction, better known as Laue 
diffraction discovered by Max von Laue in 1912, uses 

a polychromatic incident beam to collect Laue pat-
terns from a crystalline sample. With this technique, 
the Bragg condition is satisfied simultaneously for 
multiple reflections, without the need to rotate the 
crystal. Laue diffraction has therefore the potential to 
be a quicker alternative to the monochromatic X-ray 
diffraction method, but the wavelength information 
for each reflection is generally lost making the inter-
pretation of the intensities difficult. Laue diffraction 
was therefore used in laboratories solely to deter-
mine the orientation of a crystal before its mount-
ing on a diffractometer for monochromatic X-ray 
study. In the 1990s the method found applications 
at synchrotron facilities along two directions. First, 
by resolving the problem of wavelength-dependent 
intensity corrections and calibrating the wavelength 
distribution among the reflections, Laue diffraction 
was found to be a viable alternative to monochro-
matic single-crystal diffraction to solve the structure 
of large molecules.1,2 As data collection is rapid, it has 
been used in time-resolved studies to solve the struc-
ture of ephemeral macromolecular configurations.3,4  
Second, Laue diffraction was used in combination 
with X-ray focusing optics to map rapidly the crystal 
orientation and strain in polycrystalline materials.5-7 
This technique is called X-ray Laue microdiffraction 
or microLaue diffraction as the size of the X-ray beam 
is about 1 μm or less. A small X-ray beam means not 
only that small samples, such as a mineral inclusion 
inside a highly heterogeneous rock specimen, can 

Fig. 1: Detailed layout of XND endstation (called FORMOSA – FOcus X-ray for MicrO-Structure Analysis) and its functionalities.  
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be investigated, but also that the spatial distribution of microstructural 
characteristics such as crystallite orientation and strain in a polycrystalline 
sample, can be mapped, when the technique is used in a scanning mode 
(the sample is raster-scanned under the micro/nano beam and diffraction 
is collected at each step). Synchrotron X-ray nano- or microdiffraction 
techniques thus complement other imaging techniques such as scan-
ning electron microscopy (SEM), transmission electron microscopy (TEM), 
Raman micro-spectroscopy, X-ray microscopy, X-ray microfluorescence 
imaging, luminescence microscopy, atomic-force microscopy (AFM) and 
scanning tunneling microscopy (STM) and typically provide information 
that is more difficult to obtain from other characterization tools.

Over the past two decades, scanning X-ray Laue diffraction method has 
become more powerful; many synchrotron facilities established their own 
dedicated micro/nano-Laue diffraction beamlines, beginning with BL 
34-ID-E of APS (1999) through BL 12.3.2 of ALS ( 2001), VESPERS of CLS 
(2007), BM32 of ESRF (2010) to TPS 21A (2016). Based on a new design 
of a small-emittance storage ring and a state-of-the-art two-stage focus-
ing design of a beamline, the TPS  21A X-ray nanodiffraction (XND) deliv-
ered the smallest focusing size, ~90 nm, in the field and greatest photon 
flux ~3 x 1011 s-1 at 10 keV. Combined with a specially designed fast area 
X-ray detector, the rate of Laue pattern images of XND can easily attain 
up to 10~25 Hz depending on the specimen. This advance made Laue 
X-ray diffraction become a structural microscope. XND combined with on-
line SEM for quick sample positioning and tetra-probe stages for diverse 
measurements cover electrical, optical and surface properties to provide 
complementary information other than X-ray. Figure 1 shows the design 
of the XND endstation.

From a Laue diffraction microscope, a user could obtain the 2D and 3D 
(incorporated with a high-Z metal wire scanning across the surface of 
a sample during each scan point) distribution of structural information 
including phase, orientation, strain or stress and density of dislocations 
after an area scan with fine steps. For example, a scanning area 10 x 10 
μm2 with step 100 nm results in 10,201 patterns of shape like the top of 
Fig. 2. Without dedicated analysis software such as XMAS (X-ray Micro-
diffraction Analysis Software) developed by Nobumichi Tamura from ALS, 
a user would have been unable to extract that information mentioned 
above.

Figure 3(a) shows an optical microscope image of a 2-μm silicon mem-
brane grown with CVD and deposited on a silicon substrate of thickness 
725 μm. Both silicon layers contributed a set of silicon arc shapes (with 
clearly distinct diffraction spot size reflecting thickness and crystalline 
quality, data not shown here) in the same Laue diffraction pattern at each 

Fig. 3: (a) Optical image of silicon mem-
brane (thickness 2 μm) with a 
circular metal pad grown on the 
top of the silicon substrate. (b) 
Misorientation angle map of a 
silicon membrane concluded with 
XMAS from scanning patterns at 
step 5 μm. [Courtesy of Prof. Kai 
Chen, Xi’an Jiaotong University]

Fig. 2: Typical examples of a Laue pat-
tern collected at a synchrotron 
beamline; (a) a sapphire-substrate 
diffraction pattern recorded with 
a DECTRIS Pilatus 6M detector.

(a)

(b)

measurement point. With prior knowledge of the silicon lattice parameters, we can index these two sets of dif-
fraction arcs individually and conclude a misorientation map (the angle difference of the thin silicon layer along 
the surface normal with respect to another silicon substrate). This distribution image indicated that the thin 
silicon layer retained a residual stress and caused a small orientation change whereas the thin silicon layer on the 
top of the cavity was covered with a metal pad during fabrication. 

In conclusion, thanks to contemporary techniques, Laue diffraction combined with nano-focusing X-rays turns 
from a characteristic tool to an imaging microscope. The structural properties from a scanning Laue diffraction 
microscope provide useful information to a researcher, which can resolve a complicated material system in a 
non-distractive way and also improve the properties after rapid data collection and reduction. (Reported by 
Ching-Shun Ku).
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X-ray Pump-Probe Technique

A n understanding of structural 
dynamics at a molecular lev-

el, such as the vibrations and rota-
tions of single molecules or crystal 
lattices and the breaking and 
formation of chemical bonds, is 
most desirable in condensed-mat-
ter physics, chemistry, biology 
and materials science. At TPS, an 
X-ray source with pulse duration 
20 ps rms can serve to perform 
a time-resolved experiment on 
a picosecond scale. At TPS 09A, 

Fig. 1: Schematic diagram of the pump-probe experiment at TPS 09A.

the technique for time-resolved 
research involves using a laser as a 
pump and synchrotron radiation 
(SR) as a probe for time-resolved 
X-ray diffraction or scattering, 
allowing the structural dynam-
ics induced by an ultrafast laser 
pulse to be studied. Figure 1 
shows a schematic diagram of 
the pump-probe experiment. The 
synchronization of the laser and 
X-ray pulses should be built up; on 
altering the delay between laser 

and X-rays we catch the scattering 
signal at varied timing to map an 
overall dynamic process. In addi-
tion, a particular filling pattern is 
necessary because of the limita-
tion of the response time of the 
detector. In the next paragraph, 
we introduce what filling pattern 
is suitable and how to synchronize 
laser and X-ray pulses.

The TPS storage ring has circum-
ference 518.4 m; the revolution 
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Fig. 2: Filling patterns for (a) hybrid mode and (b) single-bunch mode; (c) 1-kHz trigger 
signal sent to the APD detector to extract the synchronized signal.

period of the SR is 1.728 μs, corre-
sponding to revolution frequency 
578 kHz; the frequency of the 
RF cavity is 499.654 MHz, corre-
sponding to 864 bunch buckets 
with interval 2 ns. In normal oper-
ation, electrons are injected into 
~2/3 round of buckets. Under this 
condition, the pump-probe exper-
iment cannot be executed be-
cause of the response time of the 
detector, which should be smaller 
than the bunch interval, but is 
actually 4 ns for our avalanche 
photodiode detector (APD). A 
pump-probe experiment hence requires a particular 
bunch-filling pattern to meet the requirement. At 
TPS, filling patterns of two kinds have been operated, 
a hybrid mode and a single-bunch mode, shown in 
Fig. 2. For the hybrid mode, about 2/3 round of buck-
ets (300 mA) are filled with electrons and an isolated 
bunch of current 1.4 mA is injected at the middle of 
the 1/3 empty buckets. For the single-bunch mode, 
only one electron bunch with current 2 mA is injected 
into the bucket. As an experiment, an isolated X-ray 
bunch was chosen as the probe source, which provid-
ed a time resolution about 20 ps. 

The laser pulse is generated with a mode-locked 
Ti-sapphire laser, which produces a 35-fs pulse of 
wavelength about 790 nm. The repetition rate of the 
amplifier is 1 kHz; the timing is synchronized to the 
X-ray pulse. The laser system was housed in a laser 
hutch between endstation 1 (ES1) and endstation 
2 (ES2) and guided to ES1 by reflecting mirrors in a 
series. In ES1, a laser pulse was focused to 1 x 1 mm2 
with a lens kit to irradiate a sample. Typical laser char-
acteristics are listed in Table 1.

Fig. 3: Scheme of synchronization and delay control.

Table 1: Characteristics of Ti-sapphire laser system 

The laser system must be synchronized with the 
synchrotron X-rays; the detailed signal control is 
shown in Fig. 3. An initial RF (radio frequency) master 
oscillator transmits main frequency 499.654 MHz to 
a RF cavity, a laser-timing system and a detector-trig-
ger system. For the laser-timing system, a 1/6 divider 
divides the main frequency to 83.28 MHz; the divided 
signal is sent to the delay generator and synchronizer. 
The delay generator (CANDOX84DgR5CO2, trigger & 
clock delay module) can adjust the delay of the laser 
pulse; the synchronizer can synchronize these instru-
ments including the delay generator, the oscillator 
(Micra) and the amplifier (Legend). The amplifier pro-

Mode-lock IR laser
Micra  

(oscillator)
Legend  

(amplifier)
Average power 450 mW 4 W

Wavelength 790 nm 790 nm
Pulse width < 35 fs 35 fs

Repetition rate 83.276 MHz 1 kHz
Pulse energy 5.4 nJ 4 mJ
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Fig. 4: (a) The black line is the rocking curve for the Si(222) reflection. After laser pumping, the diffraction angle was shifted to a larger 
angle (dotted line) through the lattice compression. (b) Time responses of the Bragg peak at positions A and B.

vides a 1-kHz laser pulse to irradiate a sample; as the 
repetition rate of the single-bunch X-ray pulse is 578 
kHz, which is unmatched to the amplifier frequency, 
we use a 1-kHz trigger signal (Fig. 2(c)) to catch a 
synchronized signal from the detector to achieve the 
overall timing control.

Here we demonstrate a basic pump-probe exper-
iment to ensure that the entire setup is ready. The 
temporal overlap of the laser pulse and the X-ray 
pulse can be precisely determined from this demon-
strated experiment. In the experiment, using a short 
laser pulse (35 fs) with energy 0.73 mJ/pulse to irra-
diate a silicon crystal, the laser pulse induced a strain 
field in the crystal promoting the lattice expansion. 
Referring to Bragg’s law, 2 d sin θB = λ, a lattice per-
turbation, Δd, leads to a deviation of the Bragg angle, 
Δθ =  -(Δd/d) tan θB.1,2 After the laser pump, we can 
thus observe the deviation of the Bragg angle from 
the diffraction pattern with a X-ray probe. In Fig. 
4(a), the black line is the rocking curve of the Si(222) 
reflection before laser pumping. After laser pumping, 
the peak was shifted to larger q angle through com-
pression of the lattice. Two positions A and B at half 
maximal intensity were chosen to measure the time 
response of the Bragg peak. The response time of the 
lattice compression was several picoseconds; we can 
thus observe the intensity rising and falling simulta-
neously at positions A and B. The measurement result 
is shown in Fig. 4(b); the expected intensity rising 
and falling coincidently has been observed. The initial 
rising (falling) point at position A (B) was decided as 
the temporal overlap point, at which the delay time is 
equal to zero.

In conclusion, a time-resolved X-ray diffraction ex-
periment, which combines 35-fs laser pulses and 
20-ps X-ray pulses in a pump-probe technique, has 
been realized at TPS 09A. We have observed a lattice 
compression induced with an ultrafast laser pulse. 
Recently an optical parametric amplifier (OPA), which 
can extend the wavelength of the Ti-sapphire laser 
from 800 nm to the range 240-2600 nm has been 
installed in the laser hutch. In the future, a chopper 
system will be installed at the beamline to extract the 
X-ray pulse to decrease the repetition rate (~1 kHz) to 
be consistent with the frequency of the laser pulse.3,4 

This upgrading will increase the flexibility to study 
structural dynamics with a laser-pump/X-ray probe 
technique. (Reported by Ying-Yi Chang, Yi-Wei Tsai 
and Wei-Rein Liu)
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N SRRC has evolved into an internationally well-
known light-source facility since Taiwan Light 

Source (TLS) emitted its first light and became opera-
tional in 1993. In response to increasing demands for 
brighter X-rays to facilitate sophisticated scientific ex-
periments, NSRRC proposed to construct Taiwan Pho-
ton Source (TPS), a 3-GeV low-emittance synchrotron 
light source. After years of effort, TPS delivered its first 
photon beam in December, 2014, and successfully 
stored an electron current 520 mA in its storage ring 
on December 12, 2015.  Now TPS has moved from 
the commissioning stage to the operational stage. 

TPS is designed to accentuate electron beams of 
small emittance and great brilliance to generate 
extremely bright photon beams. The superior char-
acteristics of TPS have opened avenues to innovative 
scientific opportunities for scientists in diverse areas 
of research to reveal structures, electron interactions, 
functions of materials and their dynamics, using 
various spectral and imaging methods and scattering 
techniques. Seven TPS phase-I beamlines include 05A 
Protein Micro-crystallography, 09A Temporally Coher-
ent X-ray Diffraction, 21A X-ray Nanodiffraction, 23A 
X-ray Nanoprobe, 25A Coherent X-ray Scattering, 
41A Resonant Soft X-ray Scattering and 45A Submi-
cron Soft X-ray Spectroscopy. Four beamlines among 
them, 05A, 09A, 21A and 25A, have been completed 
and open to general users since September, 2016. 

To use fully the characteristics and to attain the po-
tential of TPS, NSRRC has proposed a plan to con-
struct nine phase-II beamlines. Frontier techniques, 
such as X-ray imaging, nanoscopy, high-resolution 
diffraction and high energy-resolution spectrosco-
py, have been identified to drive novel science at 
TPS. The phase-II beamlines also focus on powerful 
techniques for studies of biomedical imaging, green 
energy and nano-devices. The plan comprises six 
undulator beamlines and three bending magnet 
beamlines, which place an emphasis on new facilities 
for high-impact science and a smooth transition from 
TLS to TPS. These beamlines are listed as follows: 
07A    Micro-focus protein crystallography/Micro-fo 
            cus PX/(13C)
13A    Biological small-angle X-ray scattering/
            BioSAXS
15A    Micro-crystal X-ray diffraction/Micro-crystal
            XRD/(17B)
19A    High-resolution powder X-ray diffraction/HR
            Powder XRD/(17A)

22A    Transmission X-ray microscopy/TXM/(01B)
24A    Soft X-ray tomography/SXT
27A    Soft X-ray nanoscopy
39A    Nanometer angle-resolved photoemission 
            spectroscopy/NanoARPES
44A    Quick-scanning extended X-ray absorption fine 
            Structure/QEXAFS/(17C)

For the beamlines transferred from TLS, their corre-
sponding beamline numbers at TLS are indicated in 
parentheses.

The principle of beamline planning for TPS phase II 
strengthens the experimental techniques that are 
not incorporated in phase I. The strategy of relocat-
ing beamlines from TLS to TPS aims for a smooth 
transition that is able to retain and to continue the 
overall scientific output and to enhance the quality 
of research performed at NSRRC. Based on these 
guidelines, Fig. 1 shows the construction schedule of 
TPS phase-II beamlines from 2016 to 2020. Phase-II 
beamlines have been funded and under construction 
since 2016. The floor map of TPS beamlines is pre-
sented in Fig. 2. (Reported by Yu-Shan Huang)

The Plan of TPS Phase-II Beamlines 

Fig. 2: TPS beamline map; phase I shown in red, phase II in blue.

2016 2017 2018 2019 2020
44A QEXAFS

24A SXT
13A BioSAXS

39A nanoARPES
07A Microfocus PX

27A Soft X-ray nanoscopy
19A HR powder XRD

22A TXM
15A Microcrystal XRD

Fig. 1: Construction schedule of TPS phase-II beamlines .


